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ABSTRACT
Pure anthracene crystals undergo photodiinerization 
at temperatures above 273K. The reaction has been thought by 
earlier workers to occur at crystal defects, however previous 
studies were apparently carried out on less pure crystals and 
mainly confined to the ab crystal face. The present work has 
been done on samples rigorously purified and kept oxygen-free 
throughout. The crystals are purer than any previously reported 
in the literature, as judged by their low temperature fluorescence 
spectra.
Microscopic study of the photodimerization on the ab 
crystal face has confirmed the earlier results. The photodimerization 
occurs at several types of crystal defects as revealed by etch-pit 
formation and surface cracks. Dimer aggregates form at these sites 
and grow in the ^010] direction.
Studies of photodimerization kinetics on the ab, be 1 
and ac crystal faces have been made by mean of fluorescence 
spectroscopy at temperatures ranging between 275  ^and 3^ -SK.
The results are discussed in term of the relative quantum yield 
of photodimerization on the three crystal faces. In addition, 
polarization studies of fluorescence from the three crystal 
faces have also been made, bearing on the problem of the 
orientations of the emitting molecules in the lattice.
The effects of progressive photodimerization on the 
crystals have been followed with the help of fluorescence spectra
recorded as a function of irradiation time, the crystals being 
cooled to 5K for each spectroscopic measurement. Emission 
features additional to those seen in the pure crystals, and
produced by the irradiation, included traps at depths of 3 1 » 1 0 6 ,
-  1 ~ 1111, 123 and 181 cm below the exciton band. The 106 cm trap
has a particular importance, apparently as an intermediate in 
the photodimerization process.
Other important observations are (i) features of the 
phonon spectrum are related to the physical and chemical purity
of the anthracene crystals. Strong dependence of the intensity
- 1of 22 cm phonon on the impirity concentration has been noted.
Also (ii) the existence of doublet structure is recorded, with
- 1spacing 10 - 15 cm in transition belonging to impurity molecules.
Tn addition to observations of prompt fluorescence, 
phosphorescence and delayed fluorescence are recorded. It has 
been shown that phosphorescence at 10E originates from the 
residual impurities and dislocated anthracene molecules in the 
vicinity of the impurities, and that its intensity decreases 
in purer samples, to the point that in the purest it was 
undetectable with the equipment available.
CHAPTER 1
GENERAL INTRODUCTION
Anthracene crystal is the most popular of the 
materials used in the spectroscopic investigations of the 
organic solid state. Its photodimerization reaction is closely 
related to the spectroscopic properties of the crystal because 
the reaction requires light absorption corresponding to the 
first singlet electronic energy excitation.
Electronic energy excitation in the crystal would 
result in a population of the exciton band at which the excita­
tion energy is delocalized as an exciton. The delocalization 
of the exciton could be terminated at any crystal imperfection, 
which may take the form of physical defects or chemical 
impurities. In the case where the imperfection has a lower 
excitation energy than the exciton band, the exciton is trapped 
at the imperfection site and becomes localized.
Following its formation, the singlet exciton, both 
in the exciton band and the imperfection regions may then 
(i) undergo internal conversion to the ground state or (ii) 
emit its energy as fluorescence or (iii) undergo chemical 
reaction or (iv) undergo intersystem crossing to the triplet 
state at which the mechanism (i) to (iii) may follow. For 
mechanism (ii) in the triplet state, the energy is emitted 
as phosphorescence. Two triplet excitons may annihilate
each other and produce a singlet exciton followed by its
2 .
deactivation through the above mechanisms. The photo­
dimerization reaction in the crystal is therefore competing 
with the other excitation energy degradation processes.
The photodimerization reaction in anthracene 
crystal has received much attention in recent years. "While 
most chemical reaction in the inorganic solid state is 
generally controlled by the diffusion process and crystal 
geometry (Tomkins 1964), photodimerization in the organic 
solid state is generally governed by the topochemical effect 
(Schmidt 1965). The topochemical effect means that the 
reaction involves a coupling between neighbouring molecules 
in which the structure of the product is preformed in the 
monomer crystal. The reaction therefore involves minimal 
movement of the molecules. Self-diffusion is very difficult 
in anthracene crystal and the topochemical effect is absent 
in the perfect anthracene crystal. Thus the photodimeriza­
tion in anthracene crystal is believed to take place in the 
defect regions (Craig and Sarti-Fantoni, 1966). It therefore 
involves the trapped exciton at the regions of imperfection.
The photodimerization reaction in anthracene
crystals has been studied by several workers. This will be
ntxtbriefly reviewed in the proceeding chapter. All the studies 
were performed on the (OOl) face and the defects which are 
responsible for the reaction are not well understood. The 
reaction is therefore further studied here in a qualitative 
manner with emphasis on the relationship between crystal
3.
defects and the photodinierization reaction in anthracene 
single crystal. The study on the ab or (OOl) face is 
extended to the be' and ac faces whenever possible.
Since the reaction is believed to occur at the regions 
of imperfection at which the exciton is trapped, two study 
methods are employed here: (i) the reaction is studied
microscopically in order to observe the preferential regions 
of the reaction in the crystal and (ii) the reaction is also 
studied by means of luminescence techniques. The latter 
includes a fluorescence study at temperatures ranging from 
275K to 348K and also at about 5K.' It also includes a 
luminescence study involving the triplet exciton at about 10K.
In presenting this thesis, the historical background 
of the subject matter is first briefly reviewed in Chapter 2.
The preparation of anthracene crystal is described in Chapter 3» 
Chapter 4 deals with the microscopic study of the photodimeriza­
tion. Chapters 3 and 6 deal with the high temperature and 
low temperature fluorescence study respectively. The 
luminescence study involving the triplet exciton is described
in Chapter 7*
4.
CHAPTER 2
HISTORICAL BACKGROUND
2.1 INTRODUCTION
Anthracene molecules undergo photodimerization 
both in solution and in the crystalline state. The sunlight- 
induced photodimerization in solution was known as early as 
I876 from the work of Fritzke (Fritzke, I876), and in the 
crystalline state it was first reported in 1905 by Ludmar and 
Weigert (1905). Since then the phenomenon has been studied 
by many workers and in this chapter a brief review will be 
given of the more important work.
2.2 PHOTODIMERIZATION OF ANTHRACENE IN SOLUTION
Anthracene is an aromatic molecule having three 
benzene rings fused together in such a way that it has a 
D^ sy,nmetry as shown in Figure 2.1.
M
Figure 2.1: Structure of anthracene molecule.
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When anthracene solution is exposed to UV light, pliotodimeriza- 
tion will take place producing di—para-anthracene with quantum 
yield dependent on the concentration. For saturated solution 
the quantum yield is about 0.3 and it decreases with 
decreasing concentration (Bowen, 1955, 1963) . In the presence 
oxygen, photo—oxidation also takes place producing 
anthracene peroxide and subsequently anthraquinone as shown below.
an thraquinone
Chemically, anthracene dimerizes via 1,4 - 1,4 
cycloaddition where the two molecules are coupled at their 
9 and 10 carbon atoms as shown above (Coulson, Orgel, Taylor 
and Weiss, 1955; Bowen, 1963 and Ehrenberg, 1966). This 
is not unexpected because the Tree valence at these positions, 
which is already large in the ground state is increased in 
the excited state (Murrell, 196J ) . This is Turther supported 
by the Tact that the molecule is easily bent along its shorter 
axis (M-axis) as shown by Burnelle and his group (Burnelle,
6 .
Lahiri, Detrano, 1968). Prior to dimerization, it is 
necessary to have the two approaching monomers bent about 
their M-axis because as shown by Ehrenberg (1966) the 
monomer components in the molecular structure of the dimer 
are bent about 23° from the original molecular plane. Once 
the dimer is formed, the central ring of the anthracene 
skeleton lost its aromaticity and consequently the aromaticity 
of the dimer is similar to substituted benzene in terms of its 
spectroscopic properties.
Independent works by Suzuki (19^3» 19^9» 1950)»
Bowen (l955> 1963) and Van, McCormick, Baum and Pitt Jr. (1965) 
have shown that the photodimerization proceeds through an excited 
singlet state of 7T- T\^  type, and involves intraction with a 
ground state monomer. However, this does not imply that 
excitation energy greater than that of the first excited 
singlet state, will produce the dimer. It is known that the 
dimer can be cleaved into monomer molecules when exposed to 
light of wavelength less than 300nm (Chandross and Ferguson, 
1966a). This excitation corresponds to the edge of the lowest 
absorption band of the dimer which lies at 270nm. Therefore 
light of wavelength less than 300nm should be excluded if 
dimer is to be obtained.
Since bonding occurs at the meso atoms (9 and 10 
positions), the reactivity is obviously affected by the 
substituent at the meso atoms. The effect is assigned to 
four factors: steric hindrance, inductive effect, molecular
7 -
flexibility and the radiationless deactivation of the excited 
singlet state.
1. Steric hindrance
A bulky substituent at the 9 position will hinder 
the approach of another molecule for the dimerization. Thus 
9-substituted anthracene is less reactive than anthracene 
itself, as actually observed for 9“tnethylanthracene, 
9-cyanoanthracene and others. Because of this effect all 
9-substituted anthracene, with the exception of 9-deutero- 
anthracene, form head-to-tail or trans-dimer (Calas, Lalande 
and Mauret, I960; Bouas-Laurent, Calas and Lalande, i960).
The term trans-dimer means that the dimer is formed by the 
coupling of 9 carbon atom of one monomer with 10 carbon atom 
of another monomer. However, there are some conflicting results 
on this point because the earlier experiments by Schonberg 
(1936) and Green, Misrock and Wolfe Jr. (1955) have shown 
that cis-dimers are formed when the 9-substituted group is 
CHO, CO^Et or CH^OH. But the dipole-moment measurement in 
9-anthraldehyde dimer by Craig and Sarti-Fantoni (1966) showed 
that the dimer has a trans-configuration. Therefore it is 
possible that Schonberg and Greene et al. have wrongly 
interpreted their results and that 9-substituted anthracenes 
form trans or head-to-tail dimers as concluded by Calas et al. 
(i960) and Bouas-Lourent et al. (i960). It is also because 
of steric hindrance that 9» 10-disubstituted anthracene does 
not undergo photodimerization.
8 .
2. Inductive effect
Any electron withdrawing group substituent at the 
9 carbon atom, such as the cyano or carboxy group, has the 
effect of reducing the free valence at that position. 
Consequently, the reactivity is also reduced. This is the 
case for 9-cyanoanthracene which undergoes photodimerization 
more slowly than anthracene itself.
3• Molecular flexibility
As Burnelle et a l . (1968) have pointed out, the
ease of molecular bending about the M-axis will also influence 
the reactivity of the molecule because it is necessary to have 
the approaching molecules bent about this axis prior to 
their association. Perhaps for that reason, among other 
factors, anthracene is more reactive than 9-substituted 
anthracenes. Burnelle found theoretically that the ease of 
bending about the M-axis among the 9-substituted anthracene 
is as follows.
9H>9-CNO )> 9 j 10-di-CN0 9-Me )> 9,10-di-Me
4. Radiation deactivation of the excited singlet state
Since the photodimerization of anthracene molecules 
is brought about by the coupling of the excited singlet state 
molecule with a ground state molecule, the reactivity will 
be dependent on the excited state lifetime. Thus, other 
things being equal, it is expected that a molecule with a 
longer excited state lifetime will be more reactive than a 
molecule with a shorter excited lifetime. This is the case
for 9-bromoanthracene whose lifetime is 1.1 nsec compared to
9 .
3.3 nsec for anthracene molecule (Baum, 1970).
2.3 PHOTODIMERIZATION OF ANTHRACENE IN CRYSTALLINE: STATE
Anthracene crystal is monoclinic having space group
/ with two molecules per unit cell. The lattice 2 1/a
dimensions are a = 8.361, b = 6.036 and c = II.I63 A° and 
the a n g l e ^  124°42' (Mathieson, Robertson and Sinclair, 1950)• 
The dominant cleavage plane is the ab, (OOl) face. The 
crystal structure is shown in Figure 2.2a, and Figure 2.2b 
shows the layer structure of the ab face.
Figure 2.2: Crystal structure of anthracene.
(a) Molecular packing (b) unit cell. 
(After Mathieson et al. 1950)•
The dimer crystal on the other hand is orthorhombic^ 
space group Pbca (Ehrenberg^1966) having four molecules per 
unit cell with a = 8.127, b = 12.080 and c = I8.83O A ° . The 
layer structure of be face is shown in Figure 2.3 viewed along
a-axis.
10.
Figure 2.3: Unit cell of crystalline dianthracene.
(After Ehrenberg, 1966).
Thus the formation of dimer from the monomer crystal is 
followed by a reduction in volume by about 20 percent because 
an X-ray study on the photodimerization of anthracene crystal 
has shown that the dimers crystallize in their own crystal 
structure within the host crystal (Julien, 1972).
A pioneering work on the photochemistry of molecular 
crystals by Schmidt and his group (see for example Cohen and 
Schmidt, 1964) stimulates others to investigate the photo­
dimerization of anthracene crystal and the crystals of its 
derivatives, in particular 9~substituted anthracenes. Schmidt 
put forward a topochemical hypothesis regarding the photo­
chemistry of organic crystals, stating that the geometry of 
the lattice determines the fate of the excited molecule, the 
course of the chemical transformation and the structure of 
the product. In other words, the product is preformed in 
the crystal before the reaction takes place and the reaction 
involves a minimal movement of the molecules.
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The topocliemical hypothesis applies very well in 
transcinnamic acid crystals as shown by Cohen and Schmidt 
(1961). Trans-cinnamic acid has three crystalline forms 
0(r ß and . In the Of-form the nearest molecule in the unit 
cell is related by a crystallographic centre of symmetry.
On the other hand, in the ß -form the nearest molecule is 
related by simple translation along the crystallographic axis.
In both crystalline forms, the distance between the neighbouring 
double bonds is about 4A°. This is the limiting distance 
for the photochemical reaction to occur in the solid state 
(Schmidt, 1965), beyond this distance, no reaction will take 
place. Thus dimers are formed when these crystals are 
irradiated with UV light producing (X -truxillic acid and ß  - 
truxinic acid respectively as shown below.
\ - c
Ph
i ffi> -form 1/
C O O H -(COOH
+ hv COOH
/  N ^-truxinic acid
Ph H
<X-form Ph
COOH 1
i C 0 0 H
Ph
(X-truxillic acid
As seen in the above reaction, it is evident that the reaction 
follows the topochemical hypothesis because the structure of
12.
the product is preformed in the monomer crystals. The -  
crystalline form does not undergo photodimerization because 
the nearest molecules are not related by a centre of symmetry 
or a mirror plane and the association is difficult, moreover 
the nearest molecules are separated by a distance more than 
4.8 A° which is evidently beyond the limit within which 
reaction can occur.
A similar situation can be deduced for some of 
the 9-substituted anthracene crystals as shown by Baum 
(l970)* After studying the crystal structures of many 
substituted anthracenes reported by other workers, he concluded 
that the 9-substituted anthracene crystals can be classified 
in the manner of trans-cinnamic acid crystal. This 
classification is shown diagramatically in Figure 2.4.
---R __
• 3 3 to4A°
R —mmmeumtm ----
f
■ ■ m i — r 
a  type
«Käfc-Ksesssss— R
n n a a - — R ------
mmmaamm— R
v Y type
wmmmmma* — r
wsmaorsmst— R
■amanaaea»—  r 
ßtype
Figure 2.4: Crystal structures of 9-substituted
anthracenes viewed along the 
molecular plane. (After Baum, 1970).
The CK -type crystals are in which neighbour
molecules are strongly overlapped and related by a crystallo
13 .
graphic centre of symmetry. The distance between them is 
less than 4A° . This is typified by the 9-niethylanthracene 
crystal. They give excimer emission from low temperature to 
the melting point. The ß > -type crystals are -tKosa in which 
neighbour molecules are also strongly overlapped and related 
by a simple translation symmetry operation along the 
crystallographic axis. The distance between them is also 
less than 4A° . Examples of this type of crystal are
9-anthracene-carboxylic acid, 9-bromoa.nthracene, 9-chloroanthracene 
and 9-cyanoanthracene crystals. These crystals also give 
excimer emission. The -type crystals give structured 
emission spectra because the nearest neighbour molecules are 
weakly overlapped and separated by a distance of more than 4A°.
This is typified by 9-methoxyanthracene and anthracene crystal 
itself, with nearest neighbour molecules separated by a distance 
of more than 6a ° .
In photochemical terms, - type andyg -type crystals
should undergo photodimerization in the same manner as and 
ß  -transcinnamic acid crystals if steric hindrance permits such 
reaction. Accordingly, the $ -type crystals should not be 
reactive in the same manner as $ -trans-cinnamic acid crystals.
By the topochemical hypothesis, this should be the case.
However it has been found that only the 0 (-type crystals follow 
the topochemical prediction.
In the Of-type crystals, photodimerization proceeds 
very easily as shown by 9-nie thylanthracene crystal (Cohen 1969).
i4.
A trans-dimer is formed as predicted by topochemical hypothesis. 
But in the photodimerization ofß-type crystals, instead of 
forming a cis-dimer as the topochemical hypothesis would 
predict, a trans-dimer is formed in the same manner as in 
the Of-type crystals. This is the case for 9-cyanoanthracene 
crystal as reported by Craig and Sarti-Fantoni (1966). 
9-cyanoanthracene crystal is known to belong to the ß> -type 
crystals. However, not all of the ß -type crystals behave 
in this way. Some of them are not reactive, but whenever 
photodimerization can take place; a trans-dimer is formed.
As far as the ft -type crystals are concerned, we 
would not expect them to undergo photodimerization if the 
topochemical hypothesis could be applied in this situation.
By the topochemical hypothesis, anthracene crystal should not 
undergo photodimerization because the nearest neighbour 
molecules are weakly overlapped and the distance between them 
exceeds the limiting distance for the reaction to occur. But
it has been realized since 1903 that anthracene does undergo
-fUc- O
photodimerization in^crystalline state with^quantum yield of 
0.04 (Wan et al. 1965). Therefore it is clear that the 
topochemical hypothesis does not cover certain solid state 
reactions. This leads many workers to study the photo­
dimerization of anthracene crystal and those of some of its 
derivatives.
Earlier, Stevens and his group at Sheffield (1962, 
1963» 1964, 1963) studied the relationship between the solid
state photodimerization of aromatic hydrocarbons and their 
respective crystal structures. Stevens (1962) divided the 
family of aromatic hydrocarbon crystals into three groups, 
A, B^ and as shown in Figure 2.5«
_ _ x _
Figure 2.5 : Crystal lattices adopted by
aromatic hydrocarbons. 
(After Stevens, 1962.)
In the first group (group A ) , the crystals are colourless 
and exhibit blue fluorescence. These crystals do not undergo 
photodimerization because the adjacent molecules are not 
parallel and motion is restricted. In the second and third 
groups (group B^ and B^ respectively), the crystals are 
yellow and exhibit green excimer fluorescence. The molecules 
in these crystals are parallel or nearly parallel, thus 
the excimer formation is feasible. Similarly, photodimerization 
can occur as long as the steric effect of the substituent does 
not prevent it.
16.
In all cases, it is necessary to have two parallel 
monomer molecules close together prior to dimerization. This 
can be brought about by the crystal structure itself, as in 
the case of 9-niethylanthracene crystal, or by the molecular 
rotation within the crystal. But in the latter case, the 
crystal forces will restrict the rotation. It seems therefore 
that solid state reactions can not be subject to general rules 
purely from the geometrical relationship of molecules in the 
crystal. For that reason, several proposals have been put 
forward to explain the reactivity of anthracene and 
9-cyanoanthracene crystals, which were known to go against 
the topochemical hypothesis.
Craig and Sarti-Fantoni (1966) proposed that the 
deviation from the topochemical effect can -enly- be explained 
if the photodimerization is actually taking place at the 
defect or dislocation regions. At such sites, the molecular 
orientation may be favourable for photodimerization to take 
place in so far as the excitation energy is lower than the 
excitation energy at the perfect region. This proposal was 
later supported by Thomas and Williams (1967, 19^9) who checked
the role of defects in the photodimerization of anthracene 
crystal by first cleaving the crystal along (OOl) plane, one 
half was irradiated to produce dimers on the cleaved surface 
and the other half was etched to reveal the emergent disloca­
tion sites in the form of etch-pit area. They found a one-to-
one correspondence between the sites of dimer aggregates and 
the etch-pit pattern. This shows that photodimerization of
17 .
anthracene crystal does involve crystal defects. However, 
there is some speculation that the actual reaction may take 
place at an ordered region followed by self-diffusion to the 
defect regions for the aggregation of the dimer. But this is 
not likely because self-diffusion in anthracene is very slow 
with the diffusion coefficient being in the order of
_ 1 O p _T
2.9 x 10 m^ sec at 439K (Burns and Sherwood 1972).
Cohen (1969) initially speculated that the actual 
photodimerization reaction may take place in the vapour phase 
and the dimers condense at the defect regions, but later rejected 
this possibility. Similarly, this possibility was ruled out 
from the earlier observation by O'Donnell (1968) who was able 
to show the presence of some dimers inside the crystal.
Rood et. al. also ruled out this possibility because the photo­
dimerization reaction observed through an electron microscope 
did not show 'intermediate gas-phase reaction' (Rood, Emerson 
and Milledge, 197l)•
2.4 DEFECTS AND REACTIVITY RELATIONSHIP IN THE CRYSTAL
The most commonly occurring defects in molecular 
crystal are dislocations, produced by thermal strain during 
the crystal growth. Therefore the density of dislocations should 
vary with the method of crystal growth. For anthracene 
crystals, Williams and Thomas (1967) measured this variation 
and their result is tabulated in Table 2.1. The density of 
dislocations may be reduced by annealing the crystal to a high 
temperature (Helfrich and Lipsett, 1965).
18 .
Table 2.1
Dislocation density of anthracene crystals (after Williams and 
Thomas, 1967)•
Nature of growth Approximate number^of
dislocation per cm ~
melt grown 1Ö5 - 106
solution grown 103
^2vapour grown 10
Dislocations may influence the reactivity of the 
crystal in many ways but generally only the following three 
are particularly important.
1 . Extra energy of dislocations
According to Johnston (1962), the free energy^G^ of 
formation of a nucleus in a two dimensional nucleation process 
occurring at an ideal crystal surface is given by
AG: = + 27iah<r ----  2.1
where’a" and h are the radius and the depth of the nucleus 
respectively, V is the molar volume of the new phase,4^  is the 
change of chemical potential and 6" is the interfacial tension 
between the new and the old phases. The first and second 
terms are volume and surface energy terms respectively. At 
an emergent dislocation, the Gibbs free energy changeAG^ will 
be diminished to
= A + 2nah(r — h E (a) 2.2
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where E(a) denotes the total strain energy of the dislocation 
within a radius . Therefore, the nucleation process is 
energetically more favourable at the emergent dislocation 
than at the perfect site. This may also be the case as far 
as the reactivity of a crystal is concerned. In fact Thomas 
and Williams(197l) have shown that a dislocation is thermo­
dynamically unstable.
2. Abnormal stereochemistry at dislocations
The regular molecular packing in a perfect lattice 
will inevitably be disturbed upon the introduction of disloca­
tions. Some dislocations may bring the nearest neighbour 
molecules into a new orientation which may facilitate photo­
dimerization according to the topochemical principle. Therefore 
defects may induce photodimerization in an unreactive crystal
in this way. This effect can be illustrated in an anthracene
•fA<Z
crystal where a parallel layer of molecule along/[lld] direction 
is obtained upon the introduction of a partial dislocation of 
the type (OOl) \ [lioj as shown in Figure 2.6. This, dislocation 
has been shown to be present in anthracene crystal (Mitchell, 
Robinson and Smith 1968).
5-2/C. . . . . J t j l i o j
/  / /  /  /y\  \  \
\  \  N. s' /  /
/ / y / /  \  \  \  \
\  \  /  / /  /
/  /  y  X \  \  \  \  \
------ »a
Figure 2.6: Molecular packing of anthracene crystal
in the vicinity of (OOl)y [lio] partial 
dislocation. (After Thomas et al., 1972).
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This dislocation was suggested to be conducive to photodimeriza­
tion (Thomas, Evans and Williams, 1972), but the dimer
aggregates were found to grow alongy^[01o] direction instead of 
l^ioj(Baum; 1970)• The non-observable [lioj growth direction
of the dimer aggregates is understandable because the parallel
arcmonomers at the dislocation -i-e- separated by a distance of 
5.2A° which exceeds the limit within which reaction can occur. 
Nevertheless it shows the ability of a (OOl) \ [lio] disloca­
tion to induce a molecular orientation favourable for 
photodimerization in a crystal with no apparent reactivity from 
the geometrical point of view.
3. Impurity-induced-dislocations
an
Since the size of^impurity molecule is normally
different from the size of the host molecule, the impurity
a
tends to occupy the core of^dislocation. In such a case, the 
host molecular packing around the impurity is disturbed which 
in turn may be able to facilitate photodimerization. Impurities 
are also known to trap the excitation energy of the crystal when 
their excitation energies are lower than that of the host 
molecule. This energy may be transferred into lattice defects
around the impurity and followed by photodimerization. For
CL
that reason, an impurity in a crystal has been regarded as JJat? 
ot
catalyst for^solid state reaction (Thomas and Williams 197l)*
There are several processes in the solid state which 
are dependent on the dislocations. The trapping of electron, 
hole and excitonfin a pure crystal is attributed to the presence
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oT dislocations in the crystal (Hoesterey and Letson, 19^3 > 
Sworakovski, 1970). Similarly, dislocations are known to 
control molecular diffusion in a crystal (Tomkins,1964). It 
is therefore quite logical to assume that defects are also the 
driving force for solid state reaction.
2•5 MECHANISM OF PHOTODIMERIZATION
As has been stated in Section 2.2, photodimerization 
of anthracene and its derivatives proceeds specifically through 
the coupling of a ground state molecule with another molecule 
in its first excited singlet state and the coupling takes place 
at the ineso atoms (Bowen 1963) . However, as far as the 
mechanism of the photodimerization reaction is concerned, this 
is still debatable.
The reaction was originally considered to be a two- 
step process involving a stabilized birndiaT or (T-complex 
intermediate (Schonberg et al. 1936; Green et al. 1955)» 
Under this mechanism,/cis-dimer is formed as shown below.
cis-dimer
R = CHO , C02Et, CH20H
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But Craig and Sarti-Fantoni (1966) have proved, through a 
dipole-moment measurement, that 9-anthraldehyde forms a trans­
dimer, thus contradictia^the above mechanism. Similarly, the 
cis-dimer formation has been rejected by Calas et al. (i960)
and Bouas-Laurent et al. (i960) who found trans-dimer for all
9-substituted anthracenes with the exception of 9-deutero- 
anthracene. This led Lalande and Calas (i960) to believe that 
the preference for trans-dimer formation ><< results from the 
di-polar attraction between the unsymmetrically substituted 
anthracene molecules.
Apart from the 6 -complex intermediate and di-polar
anattraction mechanisms excimer has also been considered as the 
reaction intermediate (Birks and Aldekomo, 1963; Chandross et
al.j1966a, b, c; Bradshaw, Nielsen and Rees, 1968; Ferguson 
and Mau, 197^a )• However not every excimer state is conducive 
to dimerization because excimers have been shown to have more 
than one configuration whereas dimerization is believed to 
proceed from the trans-sandwich excimer. Chandross, Ferguson and 
McRae, (1966a) have identified two distinct anthracene excimer 
configurations, stable and metastable. In the stable excimer, 
the monomer molecules are parallel in their long axis but incline 
35° about their shorter axis. In the metastable excimer 
(sandwich configuration), all the molecular axes are parallel 
to one another. It is the sandwich excimer that is considered 
to be the intermediate for photodimerization because the 
sandwich excimer configuration is obtained from the dissociation 
of the dimer molecule in a solid matrix. Dissociation of
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anthracene dimer in its crystalline form can also produce 01 
sandwich configuration which gives rise to sandwich excimer
upon excitation. The excimer is returned to the original
c
dimer by the excitation with an activation energy the
order of 600 cm ^ (Ferguson and Mau, 197^a ). The excimer is 
therefore the more widely indicated intermediate over other 
possibilities.
In the crystalline state, the mechanism of 
photodimerization is strongly influenced by +h<z- crystal 
structure because molecular motion is restricted by the crystal 
forces. Nevertheless, molecular motion has been invoked in 
the mechanism of photodimerization of 9-cyanoanthracene which 
is also predicted to involve an excimer intermediate (Kawada 
and Labes,1970). According to Kawada and Labes, the 
photodimerization of 9-cyanoanthracene crystal proceeds through 
the following steps.
Step 1 ocl v n
Step 2 <
kd
n
Step 3 < D
*
c.
4-
t
Where n is the number of cis-oriented monomer pairs in the c
vicinity of defects, n * is the number of cis-oriented excimer,
D is^the photochemical dimers,o^l is the absorbed lights and ^5
are the rate constants. Step 2 which is the reorientation 
process of the cis to trans-configuration is the thermally 
activated rate determining step.
Although molecular motion is restricted in the crystal,
there are some evidence to support the above mechanism. Wan
et al. (1965) found that the quantum yield of photodimeriza-
d
tion of anthracene crystals, dispersed in^KBr matrix, decrease 
with increasing pressure. Similarly, no photodimerization was 
observed in a compressed anthracene single crystal although 
such compression was able to induce excimer fluorescence (Jones 
and Nicol, 1968). These results can be explained in terms of 
the above mechanism where molecular motion plays an important 
part in the solid state photodimerization reaction. Since -tWc* 
lattice dimension dire reduced by the compression, molecular 
rotation in the crystal is restricted — » consequently reducing 
{Vt2 reactivity. Thus photodimerization in crystalline state 
seems to involve molecular rotation in the crystal lattice.
But certainly the topochemical influence is more important them ro\oL-Vi©n 
in crystals having the dimer structure preformed in the monomer 
lattice. Such is the case for 9 - m e thylanthracene and 9-anthra- 
dehyde where in the latter, compression increases the quantum 
yield of photodimerization (Wan et al. 1965).
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According to Chandross and Ferguson (1966 c), the 
cryS'taxHtt’ifc iv-i
photodimerization of^anthracene ery3t-aT first takes^place at
the crystal surface, preferentially at the emergent dislocations/ cKV\di
then works its way into the bulk of the crystal. The particular
mechanism depends upon the geometry of the surface where the
reaction begins. Two mechanisms have been identified by
Julien (1973) which are associated with two different reaction
surfaces (001) face and^(20l) face. The reaction at^(OOl)
face proceeds through the uniting of the monomers related by
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reflection and translation symmetry operations and the reaction 
that begins at the (20l) face proceeds through the uniting of 
the monomers related by a translation along [OlO] direction. 
These mechanisms give rise to at least six dimer orientations 
with respect to^anthracene lattice. Thus the reaction seems 
to involve molecular motion in the crystal although such motion 
is restricted by the crystal forces.
A kinetic study on the photodimerization of anthracene
crystals has been carried out by Beumont (1969) from 100°C to
near the melting point. The reaction below 190°C follows a
A-n _
first-order f q t-e kinetics vith^activation energy of about 1200cm
or about twice as much as the activation energy obtained by
Ferguson and Mau (197^),,from the sandwich excimer at low
temperature. This is not unexpected because the dimerization
from^sandwich excimer at low temperature does not involve
molecular rotation but on the other hand, the photodimerization
of a single crystal of anthracene at high temperature may well
do so. Thus the activation energy is made up of at least two
components, activation energy for rotation and activation energy
for dimerization.
2.6 GENERAL REHARKS
Several studies have been carried out on the 
photodimerization of anthracene crystal5but only a few of them 
have been included in the review. Certainly there are many 
other aspects of the photodimerization still unknown or still 
under discussion only some of which have been described here.
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This stimulates the author to study the photodimerization of 
anthracene crystal both by observations through a polarizing 
microscope, and also by a comprehensive examination of the 
fluorescence of partially dimerized anthracene crystal over a 
vide range of temperature from 5 K to about 3‘hSK. These 
studies will be described in the Succeeding chapters.
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CHAPTER 3
PREPARATION OF ANTHRACENE CRYSTAL 
3.1 INTRODUCTION
The photodimerization of anthracene crystal was 
studied by microscopic observation and emission methods. The
latter includes a fluorescence study between 275K and 3^ +8K, and
a
from about to 130K. It also includes^phosphorescence and
delayed fluorescence study at about 10K. The experimental 
procedure for these studies will be described in the chapter 
dealing with the specific study. In this chapter, the methods 
of purification, crystal growing and crystal mounting are 
described.
In pursuing the photodimerization and emission study, 
the purity of the sample is strongly emphasized because of the 
belief that photodimerization and emission phenomena are 
dependent on the energy transfer in the crystal. The photo­
dimerization reaction involves a specific site in the crystal 
(Thomas and Williams, 1967). Craig and Sarti-Fantoni (1966) 
earlier proposed that the photodimerization reaction takes place 
at defect sites. Thus it may involve an energy transfer from 
the exciton band into the defect sites at which the energy is 
trapped and the photodimerization reaction occurs. Because of
this possible mechanism, an impurity will affect the rate of
is
photodimerization especially if the impurity h-srs a deeper trap 
depth than the defect site. This arises because the deep trap 
is expected to be more populated than the shallower trap. Of
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course this is also governed by the probability of exciton 
trapping by the respective traps. The shallower traps may 
be more populated than the deeper one if the probability of 
exciton trapping by the shallower traps is much higher than 
the corresponding probability for the deeper traps. Neverthe­
less it points out the possibility of having an inhibition of 
photodimerization reaction by the impurity because of the 
competitive energy trapping process between the photodimeriza­
tion site and the impurity trap.
Naoko Shiomi (1967) has noted the effect of impurit^
on the —ray radiation damage of anthracene crystal where the
a
presence of/tetracene impurity is able to protect the crystal 
from any radiation damage. Similarly, Beurnont (1969) observed 
a decrease of the rate of photodimerization in th e anthracene 
crystal deliberately doped with tetracene. It is therefore 
possible to have inhibition of^photodimerization reaction by 
other impurities. In the case of a photochemically reactive 
impurity, the trapping of excitons by the impurity may induce a 
photochemical reaction between the impurity and the neighbouring 
molecule. This will undoubtedly mislead the interpretation 
regarding the photodimerization reaction of the anthracene 
crystal. Even if it is unreactive it may act as catalyst for 
the photodimerization. It is therefore necessary to have a 
very pure crystal in studying the photodimerization reaction of 
anthracene.
an
As far as the effect of/impurity on the emission of 
the crystal is concerned, it may arise from the influence of the
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impurity in inducing' the chemical and physical defect traps 
from which the fluorescence originates. This is evident from 
the low temperature fluorescence spectrum of anthracene crystal 
as analysed by Glöckner and Wolf (1969)» Lyons and Warren (1972) 
and Bridge and Vincent (1972), where several fluorescence origins 
have been identified as due to physical and chemical defect 
traps.
An effective method of purification of anthracene
Ounoi
crystal has been described by Sloan (1966),^Lupien and Williams 
(1968) who recommended the purification by zone refining.
OL
Sloan characterized the purity of the crystal by use offgas 
chromatographic method. Lupien et al., who characterized the 
purity of the crystal through the triplet lifetime apparently 
believed that a triplet lifetime of 22-24 msec, is a good 
criterion of crystal purity. This was obtained by them after 
64 passes zone refining. However a very low temperature7fluorescence measurement by Lyons and Warren (1972) and/Bridge
and Vincent (1972) suggests that the crystal is still impure
in
after 200 passes^zone refining. This is evident from the 
appearance of two impurity bands in the fluorescence spectrum 
of the crystal. These bands have been identified by Bridge 
and Vincent as due to 2~methylanthracene and 2-hydroxyanthracene. 
The latter corresponds to the deeper trap in the crystal. It 
is therefore apparent that it is very difficult to obtain a very 
pure crystal by zone refining alone. It also shows that triplet 
lifetime is not a good criterion for checking the purity of the 
crystal. The crystal was therefore extensively purified in 
order to meet the requirement of the present study.
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3.2 PURIFICATION METHOD
Basically, the crystal was purified by the zone 
refining method in high purity dry nitrogen. However, 
instead of employing this method as such, sodium was also 
incorporated into the crystal. This had the effect of removing 
oxygen still present in the crystal and also of converting any 
acidic impurities into their corresponding sodium salts which 
could then be easily segregated from the crystal. Scintillation 
grade anthracene was used as the starting materials.
Prior to zone refining, the crystal was purified by 
recrystallization from ethanol and then chromatographed through 
a column of basic alumina, using hot benzene as the solvent.
This was followed by vacuum sublimation. These crude purifica­
tion methods have the effect of partly removing the yellow 
anthraquinone because the anthracene crystal becomes white after 
these purifications.
A small quantity of the white crystal was then put 
into the pyrex zone-refining tube which had been cleaned with 
RBS 23 solution and baked at 100°C. The tube is 30 cm long, 1
mm thick with 3 mm inside diameter. The air was replaced with
high purity dry nitrogen gas through a vacuum line and was 
followed by several freeze and thaw operations to remove any air 
still trapped in the crystal. The tube was then refilled with 
fresh nitrogen gas and a further small quantity of anthracene 
crystal was added, followed by the freeze and thaw operations.
This was continued until the tube was about 4/5 full of anthracene.
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3About 2 mm of sodium was then introduced into the 
tube and the gas replaced with fresh nitrogen through the
vacuum line. This was repeated three times. The evacuation
-5process in each step was affected down to 10 torr, and the 
tube was refilled with 710 torr of nitrogen gas after every 
evacuation. In this way, the air could be effectively removed 
from the system. After the final process the tube was sealed 
leaving about 550 torr of high purity dry nitrogen in the tube 
and a space of about 15 cm long for the crystal to expand 
during the melting process. Since the zone-refiner apparatus 
was cooled with running water, the zone-refining tube was 
enclosed by a second tube containing 710 torr of nitrogen gas. 
This was designed to protect the laboratory from any fire hazard 
if the zone-refining tube happened to break.
The zone-refiner consists of a long pyrex tube wrapped 
with a 5 mm wide heating coil for each 7 cm spacing. The tube 
is cemented into aluminium plate 1.5 cm thick located between 
the heating coils. The aluminium plate is in turn cemented 
into copper tubing through which the cooling water is allowed 
to flow. In all, the apparatus consists of 20 heating coils 
and 21 aluminium plates. The apparatus is set vertically and 
the tube containing the crystal is raised by means of an 
electric motor at the rate of 5 cm per hour.
The crystal was zone-refined for 200 passes. The 
purity of the sample was regularly checked by measuring its 
fluorescence spectrum at liquid helium temperature, while the
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crystal was still in the zone-refining tube. 100 passes of 
the process was found to be adequate as evident by the absence 
of impurity bands in the fluorescence spectrum at the middle 
of the tube. However for the purpose of having a large 
quantity of purified material, the crystal was purified by 200 
passes zone-refining.
It was found necessary to fill the tube with at least 
530 torr of gas so that sublimation of the crystal during 
melting could be minimized. It was found that a lower gas 
pressure would allow the crystal to sublime and crystallize at 
the top of the tube. Continuous sublimation would bring about 
displacement of the gas by the crystal causing the tube to break 
at the top because the space would eventually be too limited for 
the crystal to expand. Owing to continuous displacement of the 
gas, a gas bubble would form within the melt consequently reduc­
ing the segregation efficiency of the impurities.
The low temperature fluorescence spectrum of anthracene 
crystal purified by 200 passes zone-refining in the presence of 
sodium was found to show very weak impurity bands within the 
upper 3/4 of the tube. When a similar extent of purification 
was performed in the absence of sodium, a substantial amount 
of 2-hydroxyanthracene impurity was still present as evident 
from the appearance of its fluorescence bands at 743 cm ^ and 
930 cm  ^ below the anthracene origin (Bridge and Vincent, 1972). 
This is shown in Figure 3*1» The fluorescence spectrum of 
the most pure commercially available Prinz Organic Anthracene is
200 passes zone refined 
in the presence of sodium
■s
200  passes zone refined 
without sodium
Prinz organic quality
Figure 3« Is Fluorescence spectra of vapour grown 
anthracene crystals, purified by different methods. 
Spectra were recorded at 5K.
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also shown for comparison. As is apparent from the figure, the 
Prinz Organic Anthracene is very rich in 2-methylanthracene impurity 
which fluoresce at 24901 cm  ^ whereas the crystal purified in 
the present study is free from this impurity emission.
It is interesting to note here that while the 
anthracene crystal with 2-methylanthracene or 2-hydroxyanthracene 
impurity showed phosphorescence of the host crystal at about 10K, 
the pure crystal obtained in the present study did not show this 
emission at the same temperature. Thus/consequences of failing 
to remove the impurities from the crystal are especially apparent 
when the triplet exciton of the crystal is studied. This 
phenomenon will be described in Chapter 7) and the low temperature 
fluorescence study will be described in Chapter 6.
Since impurity is a critical factor in the emission 
phenomenon of anthracene crystal, it may also be one of the 
contributing factors in controlling the photodimerization 
reaction of the crystal. For this reason, only the middle l/3 
of the zone-refined anthracene ingot was retained to ensure the 
total absence of impurities in the crystal. The top l/3 was 
only used for preliminary study. The study on impure crystal 
was carried out on 200 passes zone-refined anthracene without 
sodium.
In all cases, air contamination was avoided whenever 
possible. This was achieved by handling the crystal in a 
transparent plastic bag containing a high purity dry nitrogen.
The zone-refining tube was cut inside this bag and the crystals 
were stored in sample tubes. The bag was covered with a dark 
cloth when it was not in use.
3.3 METHOD OF CRYSTAL GROWTH
The crystals were g r o w  by three methods.
1. Grown from vapour
2. Grown from melt, and
3. Grown from solution.
This was stimulated by Corke, Kawada and Sherwood (1967), and 
Williams and Thomas (1967) who found a different concentration 
of crystal defects for each different method of crystal growth. 
Since the photodimerization of anthracene crystal has been 
associated with crystal defects (Craig and Sarti-Fantoni, 1966;
Thomas and Williams, 1967)» it was interesting to check if 
the photodimerization phenomenon was reflected in the method of 
crystal growth. The method of crystal growing is described in 
the following paragraph.
3.3»! Crystal growing from vapour
Growth of the crystal from the vapour was carried out 
in a B14/23 quick-fit tube which was fitted with its tap 
attachment. With a growing tube of this kind, it was possible 
to transfer the tube from the vacuum line into the plastic bag 
and vice versa without air contamination.
The tube was first cleaned with RBS 25 cleaning 
solution and baked at 100°C for several hours. It was then
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introduced into the plastic bag, containing the anthracene 
crystal, after it had been evacuated and refilled with nitrogen 
gas three times. About 0.5 nig of anthracene crystal were 
transferred into the growing tube followed by a transfer into 
the vacuum line where it was reevacuated. The evacuation was 
carried out three times and the tube was refilled with nitrogen 
gas for each evacuation. In the final evacuation, 200 torr 
of nitrogen gas were left in the tube.
The crystal was grown by sublimation in the dark at this
pressure and at l60°C by means of a heating mantle. In order
to avoid the formation of needle like crystals and powder
crystals, the sublimation process was started after the heating
mantle had reached the required temperature. It was observed
that a slow sublimation would produce crystals of these kinds.
Sublimation at a lower pressure would produce powder crystals
and a very rapid sublimation would produce a large crystal with
a high concentration of contour steps. Therefore the pressure
and the temperature were chosen in such a way that it would
produce a large crystal and free from any surface imperfections.
The pressure and temperature selected met this requirement for
the quantity of material and the growing tube dimension employed
in this work. The crystal grown in this way has a hexagonal
2flake form of about 20 mm surface area and thickness ranging 
from 5 to 200 microns and shows a well developed ab face.
3.3*2 Crystal growing from melt
This was carried out in the dark in a vertical Bridgman
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furnace where the crystal was first melted at the hotter end of 
the furnace and then slowly lowered into the cooler end at the 
rate of 1.25 mm per hour. The growing- tube was made of 1 cm
inside diameter, 1.5 mm thick and 10 cm long. A sharp tip was 
made at the bottom of the cylinderical tube to serve as nuclea- 
tion centre for crystallization from the melt. A B14/23 quick- 
fit tube was connected to the other end of the growing tube.
This enabled a tap to be fitted thus eliminating any possibility 
of air contamination during the transfer of the tube from the 
vacuum line to the plastic bag and vice versa. All the operations 
of avoiding air contamination were the same as in the case of 
crystal growing from vapour.
The tube was filled 2/3 full of anthracene powder,
-ifand after three successive whasings with nitrogen gas it was 
sealed, leaving about 20 torr of high purity dry nitrogen inside. 
The crystal was melted at 218°C at the hotter end of the furnace. 
The cooler end was set at 100°C. The quality of the crystal was
checked from time to time by visual inspection. The growing 
process was repeated when a good single crystal could not be 
obtained. Once a good single crystal had been obtained it was 
allowed to stand in a lower temperature region of the furnace 
for more than 5 hours in order to reduce crystalline defects by 
annealing.
In order to minimize crystal defects due to gas 
trapping during solidification, it was necessary to grow the 
crystal under as low a pressure as possible as recommended by
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Lupien, Williams and Williams (1972). The trapping of gas in 
the crystal would certainly bring about the formation of 
crystal defects. Although helium was recommended by Lupien 
et al. as the heat exchanger in the growing process, only high 
purity dry nitrogen was used in the present work because physical 
defect concentration was not a critical factor in this work. 
Moreover, the higher defect concentration may give some insight 
to the photodimerization phenomenon of the crystal.
3.3.3 Crystal growing from solution
The solution grown crystal was prepared by the evapora­
tion technique. However, instead of allowing the crystal to form 
at the wall of the container, it was allowed to form on another 
liquid in which the anthracene is insoluble. In order to achieve 
this, an immisible water-toluene system was used. Because of 
its lower density, the toluene would float over the water inter­
face and because of its lower boiling point and higher vapour 
pressure, the toluene would evaporate at a much faster rate than 
the water. Hence the anthracene powder was dissolved in 
toluene and the solution was evaporated slowly in the dark and 
open to atmosphere. The evaporation was carried out at 70°C.
In order to minimize air contamination in the crystal 
the solution was flushed with high purity dry nitrogen before 
dissolving the anthracene powder and distilled water was used 
in all cases. When the toluene solvent had evaporated, a layer 
of anthracene crystal of large surface area would form over the 
water surface. The crystal thickness could be estimated from 
the weight of the anthracene powder added and the diameter of
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he beaker used for the evaporation. The beaker used in this 
work was of 4 cm diameter. A crystal of about 30 microns thick
could be obtained in this way. The crystal was dried in a
d-es 1 ccoL-f-or
do orientor filled with nitrogen, and phosphorous pentoxide was 
used as the drying agent.
3.4 CRYSTAL MOUNTING
The crystals grown by the various methods were kept in 
a transparent plastic bag containing high purity dry nitrogen.
The vapour grown and melt grown crystals were never exposed to 
air at any stage. Subsequent operations were performed inside 
the plastic bag which also contained Vickers polarizing micro­
scope and other required accessories. In any particular study, 
a single crystal with a good surface was chosen with the help 
of the polarizing microscope.
The face and the crystal axes were identified by 
conoscopic observation and from the optical data of anthracene 
crystal given by Winchell (p. 81, 1934). All the vapour grown
and solution grown crystals showed a well developed ab face of 
large surface area. The melt grown crystal was easily cleaved 
in the ab plane. The direction of the a and b-axis were 
determined by locating the extinction directions because these 
are parallel to the a and b-axis. The a-axis was identified 
through a conoscopic observation where the direction of the 
isogyre was taken as the direction of the a-axis. The be' and ac 
faces were obtained by cutting the ab face melt grown crystal 
along b and a-axis respectively and perpendicular to the ab plane.
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In order to obtain smooth^surface, the cut face was polished on 
a cloth moistured with cyclohexane.
Once the crystal face had been identified and the 
crystal axes located, the crystal was mounted on a masking 
window whenever necessary so that the photodimerization and 
emission at the crystal edges could be avoided. The masking 
window was made of a rectangular aluminium strip of dimension 
dependent on the particular study to be carried out. The strip 
is 5 mm width with window diameter varies between 1 and 2.5 mm. 
Dunlop liquid adhesive was used to mount the crystal on the 
masking window. The crystal was oriented in such a way that 
its principal axes made an angle of 45 degrees to the sides of the 
strip when polarized fluorescence spectra were to be measured.
The subsequent experimental procedures will be described in the 
chapters dealing with the respective studies.
CHAPTER 4
MICROSCOPIC OBSERVATION ON THE 
PHOTODIMERIZATION OF ANTHRACENE CRYSTALS
4.1 INTRODUCTION
Earlier works on the photodimerization of anthracene 
crystals have demonstrated the importance of defects in the 
reactivity of the crystals (Craig and Sarti-Fantoni, 1966;
Thomas and Williams, 1967, 1969; Baum, 1970; Williams and 
Thomas, 1972; Thomas, Evans and Williams, 1972; and Donati,
Sarti-Fantoni and Guarini, 1973)* The defects are likely to 
act as preferred centres for the reaction because the molecules 
in such sites are displaced somewhat from their regular packing 
and thus may become trapping centres for excitons. Moreover 
a defect may bring two molecules to a preferred orientation 
for the photodimerization to occur according to topochemical 
principle .
Photodimerization on the (OOl) basal surface has 
been found by Thomas and Williams (1967* 1969) to occur at
the region of emergence of non-basal dislocations and some 
surface steps. The reaction may also occur at the basal 
dislocations (Williams and Thomas, 1972). The importance of 
defects in controlling the reactivity of anthracene crystals 
is also apparent from the work reported by Baum (l970) who 
found the photodimerization to begin at the crystal edges 
and to proceed in the [Oio] direction. This is presumably 
related to the higher defect concentration and exciton
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localization at such sites. It seems therefore that the 
reaction is not restricted to any particular type of crystal 
defect.
Although photodimerization seems to occur at several 
types of crystal defects, the partial dislocation of the type 
(OOl) \ [no] has been taken by Thomas et al. (1972) to be 
of special importance for photodimerization because it brings 
two anthracene molecules into a parallel configuration separated 
by about 5»2 A° as shown in Figure 2.6. Such a configuration 
must presumably be reached at some stage in the sequence of 
steps leading to photodimerization, except that the distance 
between the two parallel molecules is still too great. Thus 
we might expect the dimer to occur along the [lio] direction 
when the (OOl) face is photodimerized. However this has not 
been observed although slip of the type (OOl) [lio] is very 
common in deformed anthracene crystals (Robinson and Scott,
1970)• The deformation may be induced during cleaving of the 
crystal. Thus the partial dislocation of the type (OOl) \
[lio] is expected to be present in most melt grown anthracene 
crystals because these need to be cleaved to obtain a flat 
(OOl) face.
There is therefore a need for further study in the 
photodimerization of anthracene crystals by means of micro­
scopy. This is described in this chapter. The study is 
carried out on the (OOl) face of very pure anthracene crystals 
grown from solution, melt and vapour. Since the photodimeriza­
tion apparently occurs at the defect regions, the types of
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defects present in the crystal are briefly reviewed in the 
following section to give a general background to the present 
study.
4.2 DEFECTS IN ANTHRACENE CRYSTAL
Two kinds of defects may be present in anthracene 
crystals, (i) Point defects and (ii) Dislocations. On the 
grounds of large molecular size^ point defects most probably
occur in the form of vacant lattice sites; interstitial
S i ^
molecules are unlikely. The presence of vacant lattice^in 
anthracene crystals has been verified by Sherwood (1969) 
through a radiotracer self-diffusion study.
Dislocations are the most commonly occurring defects 
in many organic crystals including anthracene. These have 
been reviewed by Thomas and Williams (l97l). By definition, 
a dislocation is the boundary line between that part of a 
crystal which has undergone slip and that which has not.
Each dislocation has associated with it a Burgers vector 
which describes the direction and the magnitude of the slip.
The slip can produce either an edge dislocation or a screw 
dislocation.
An edge dislocation is that in which the Burgers 
vector is perpendicular to the dislocation line and a screw 
dislocation is that when the Burgers vector and the dislocation 
line are parallel to one another. The emergence of pure 
edge dislocations and screw dislocations on the crystal surface
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produces symmetrical tilt boundaries and twist boundaries 
respectively. A combination of more than one type of 
dislocation is possible and in such a case assymmetrical 
boundaries are normally produced on the surface.
The types of dislocation in anthracene crystals have 
been widely investigated in recent years (McGhie, Reucroft 
and Labes, 1966, 1968; Corke, Kawada and Sherwood, 1967;
Thomas and Williams, 1967, 19^9 » 1971; Williams and Thomas,
1967; Robinson and Scott, 1967 a, b, c, 1970; Robinson, 1968; 
Mitchell et al. 1968; Sherwood, 1969). A correlation between 
the eas<t of slip in the various crystal planes and the types 
of dislocation commonly present in the crystal was studied by 
Williams and Thomas (1967). They found that slip can easily 
occur in the non-basal (OlO) plane along the [OOll direction 
thus forming a dislocation of the type (OlO) [OOlJ . A 
dislocation of the type (OlO) [loo] is less favoured because 
of the greater change in intermolecular force encountered 
during the slip. Slip can also occur with ease in the non- 
basal (lOO) plane along the [Olo] direction but is less 
favoured than the (OlO) [00l] slip system. Slip in the (lOO) 
plane can also occur in the [OOl] direction but with some 
difficulty. In the basal (OOl) plane, slip can occur in the 
[010] and [lOO] directions but the latter is less favourable.
Table 4.1 lists the dislocations commonly present 
in anthracene crystals together with the techniques used in 
characterizing the dislocations. The dislocations of the
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TABLE 4.1
Dislocations in anthracene crystals.
Type of dislocation Method of Study Reference
(001) [oio] Plastic deformation 1
Tensile s tre s s 2
X-Ray 3
(001) [no] Plastic deformation 1
Tensile stress 2
X-Ray 3
(010) [OOl] Chemical etching 4
Photodimerization 5
*(oio) [loo] Chemical etching 4
(100) [oio] Chemical etching k, 2, 6
Pho todimerization 5
*(l00) [OOl] Chemical etching 4
(201) [oio] Chemical etching 6
Photodimerization 5
Reference:
1 . Robinson and Scott ([1967)
2. Robinson and Scott (1970)
3. Mitchell e t al. (1968).
4. Williams and Thomas (1967)
5. Thomas and Williams (1967)
6. Thomas and Williams (1969)
^Appears in combination with other dislocations.
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type (OlO) [OOIJ are the most commonly occurring non-basal 
dislocations in the crystals (Williams and Thomas, 1967)» and 
are responsible for the occurrence of most twist boundaries 
on the (OOl) face. However when all the possible slip systems 
are considered (basal and non-basal) Robinson and Scott (1970) 
found that the basal dislocations of the type (OOl) j^ Olo] and 
(OOl) [lio] are the most common in anthracene crystals.
Deformations on the crystal by compression on the 
opposite (OlO) faces and point indention on the (OOl) face 
produce non-basal dislocations of the type (lOO) [Olo] and (20l) 
[lOl] (Thomas and Williams, 1969; Aris and Lewis, 1973)» But 
Robinson and Scott (l970) showed that the basal dislocations 
of the type (OOl) [Oioj and (OOl) [ll6| predominate over all 
other dislocations when the crystals have undergone tensile 
stress in all crystal orientations.
4.3 EXPERIMENTAL
Photodimerization was effected by irradiating the 
crystal in a nitrogen atmosphere with a medium pressure mercury 
lamp, placed at about 50 cm from the crystal. The light of 
wavelength less than about 3100 A° was excluded by means of a 
Jena UG1glass filter. A pyrex lens of focal length 6cm was used 
to condense the exciting light onto the crystal. However in 
order to minimize the heating effect, the light was not 
sharply focused. The crystal was mounted on a masking window 
of diameter 0.5 - 1.0 mm and enclosed in a quick fit pyrex
tube.
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The irradiated surface was examined hourly with 
a Zeiss Universal Polarizing Microscope (model 4649686 ) 
by a transmission method. With such a microscope it was 
possible to examine the surface morphology and the fluorescence 
by interchanging the light source between the tungsten lamp 
and the medium pressure mercury lamp. The crystal was 
photographed with magnification ranging between 20 and 80.
In order to examine the surface morphology of the crystal, 
observations were made with the crystal oriented between 2° 
and 10° from the extinction position.
Since the microscope was — abi-e to accept an
object of more than 5 mm thick, the crystal was exposed to 
air during the microscopic observation. Oxygen contamination 
was kept to a minimum by occasionally flowing nitrogen gas 
over the crystal. However air was excluded for every irradia­
tion with UV light. This was carried out either through a 
vacuum line, in a manner similar to that used in the procedure 
for growing crystals from vapour and melt, or by means of 
flowing nitrogen gas continuously through the sample tube for 
about 20 minutes.
4.4 RESULTS
4.4.1 General feature of photodimerization in anthracene 
crystals
Anthracene crystals grow with a well developed (OOl) 
face (ab face) and are readily cleaved in the (OOl) plane.
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The surface morphology of the face can be observed through the 
polarizing microscope. Comparing the (OOl) face of the 
crystals grown from melt, solution and vapour, it was evident
Qjtkthat only those grown from melt and solution show^recognizable 
surface imperfections. However not every surface imperfection 
is conducive to photodimerization.
When a crystal is irradiated with UV light, under the 
conditions previously described, at least four morphological 
changes are observed.
(i) Formation of elliptical areas with the long and 
short axes aligned in the [lOO] and [Old] direc­
tions respectively.
(ii) Crack formations along the [oio] direction upon 
which dimer aggregates appear as dark spots.
(iii) Appearance of white areas on the rough surface 
when air is not effectively removed.
(iv) Formation of long and narrow dark spots in the 
£l00] direction.
The appearance of these features depends on the time of 
irradiation and the type of crystal.
These features are shown in Plate 4.1, taking a 
melt grown crystal as an example. The needle-like dark spots 
in the [loo] direction (see plate) are only formed in the
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Plate 4.1: The (OOl) cleavage Pace of a melt grown
anthracene crystal, after 4 hours of UV irradiation 
in the presence of some air. The dimer aggregates 
can be seen on the cleavage step XY and some of the 
cracks in the [oio] direction. The needle-like dark 
spots,in the p OO] direction, and the white areas 
are the photooxidation products. MagnifLcation x 100
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first hour of irradiation. The spot of this kind was 
identified by Donati et al. (1973) as anthraquinone crystal.
Some of the elliptical areas are apparent in the plate in 
association with short cracks, (labelled in the plate as A).
The other cracks are seen in the plate as dark lines in the 
[Old] direction. Dimer aggregates can be seen on the cleavage 
step XY and on some of the cracks. The white areas (see 
plate) are readily formed when the crystal is irradiated in 
air, and turn yellow after long irradiation. Thus the white 
areas should correspond to photooxidation products probably 
photooxides.
Photooxidation in anthracene crystals has been 
reported by many workers. (See for example Bree and Lyons,
I960 and Donati et al., 1973)* Its effect on the luminescence 
phenomenon of the crystals has also been reported, (Lipsett, 
Compton and Waddington, 1957; Wright, 1966). The formation 
of photooxidation products in the white areas, observed 
here, conforms to the earlier observations.
(i) The photooxidation products are easily formed
when the crystal is irradiated at high temperature 
in the presence of air (Bree and Lyons, i960).
(ii) Scratched and rough surfaces become the initial
sites of the reaction, (Lipsett et al., 1957 and 
Wright, 1966). This is due to the high efficiency 
of oxygen absorption at these sites (Chynoweth,
1954).
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As far as photodimerization is concerned, the 
present study indicates that crystals grown by different 
methods have different characteristic features. But 
regardless of the method of growth, photodimerization always 
occurs at the crystal edges, cracks and some surface steps.
No dimer aggregates are observed along the [lio] direction 
as the partial dislocation (OOl) \ £llo] would suggest. In 
the following sections, the photodimerization on the crystals 
grown by different methods is individually described.
4.4.2 Photodimerization in melt grown crystals
In the absence of any side reactions, the sequence 
of surface change in the photodimerization of melt grown 
crystals is such that elliptical areas are first formed.
This is followed by the appearance of cracks and dimer aggreg­
ates along the shorter axis of the ellipses which aligns in 
the [Oio] direction.
The cracks can be distinguished from the dimer 
aggregates through fluorescence observation. Strong 
fluorescence is observed from the cracks while the dimers are 
non-fluorescing. This is shown in Plates 4.2 and 4.3 where 
it is apparent that the width of the dark lines in the [oio] 
direction (Plate 4.2) is broader than the fluorescent lines 
of the corresponding regions (Plate 4.3)«
The two features (dimers and cracks) can be easily 
distinguished after a long irradiation. Under such a
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Plate 4.2: Photodimerized (00l) Pace of a melt
grown anthracene crystal showing dimer aggregates, 
AB, in the [Old] direction. Magnification x 250.
Plate 4.3? The fluorescence of the region 
shown in Plate 4.2, under the same magnifica­
tion.
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condition, large dimer aggregates are formed which exhibit a 
faster growth in the [Oio] direction.
The sequence of surface changes upon photodimeriza­
tion is illustrated in Figure 4.1. Figure 4.1a shows the 
freshly cleaved (OOl) face of a melt grown crystal where 
surface imperfections are apparent in the form of river 
lines. The formation of elliptical areas, after 1 hour 
irradiation is shown in Figure 4.1b. The ellipses appear as 
isolated spots or as closely spaced spots. Some dimer 
aggregates and cracks at the elliptical areas are apparent in 
the plate as dark lines in the [Oioj direction. Extending 
the irradiation to n hours increases the size of the elliptical 
areas and correspondingly the cracks and also the dimer 
aggregates. This is apparent in Figure 4.1c. Figure 4.Id 
shows the dimer aggregates after 3 hours irradiation where 
it is apparent that all the dimer aggregates align in the 
[010] direction. This sequence seems to be the general 
pattern of photodimerization in melt grown crystal when 
photooxidation does not occur. In the presence of photo­
oxidation, the irradiated surface is quickly covered by the 
photooxidation products.
4.4.3 Photodimerization in solution grown crystals
In the solution grown crystals, photodimerization 
occurs quite readily as is evident from the shorter irradia­
tion time required to observe the dimer aggregates. Long 
strings of dimer aggregate in the [Oio] direction are readily 
observed in these crystals. A dimer aggregate of about 0.8 mm 
long has been observed in this direction.
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Figure h 1: The sequence of surface change on the
(Q0\) cleavage face of a melt grown anthracene crystal 
upon photodimerization, Plate (a) shows the fresh 
surface- Plates (b), (c) and (d) illustrate the
photodimerization features after 1, 3 and 5 hours of 
UV irradiation respectively. The elliptical areas, 
cracks and dimer aggregates are formed at the same sites. 
Magnification x 100
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The photodimerization in solution grown crystals 
differs from the melt grown crystals in three respects.
1. The formation of elliptical areas is rare in 
solution grown crystals.
2. The dimer aggregates in solution grown crystals 
are mostly 3 to 5 times longer than the aggregates 
in the melt grown crystals.
3. Whereas the photodirnerization of melt grown crystals 
is initiated by the formation of elliptical areas, 
the initial photodirnerization of solution grown 
crystals occurs at certain lines of imperfection 
parrallel to fb* crystal axis ( [Oioj direction).
The typical features observed in the photodimerized 
solution grown crystals can be seen in Plate 4.4. The dimer 
aggregates appear in the plate as large dark spots in parallel 
lines in the [oio] direction. The narrow parallel lines 
in the same direction (see plate) are the lines of imperfection 
upon which the dimer nuclei form. Most of these lines do 
not correspond to cracks because they remain dark when 
observed under transmitted unpolarized light (Figure 4.2).
The lines of imperfection, upon which the dimer 
nuclei form, are not apparent in the fresh crystals. Since 
the crystals were grown by evaporation from solution, these 
lines are likely to be the growth boundaries of the crystals. 
(Refer to page 37 for the method of crystal growth.) In a
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Plate 4.4: The photodimerized (OOl) face of a
solution grow anthracene crystal, alter 5 hours 
irradiation. The long dark spots in the [do] 
direction correspond to the dimer aggregates.
The narrow line, indicated by arrow, is the line 
of imperfection upon which dimer nuclei form. 
Crystal thickness 50 j/. • Magnification x 250.
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* £oio]
Figure 4.2: The partly photodimerized (001) face 
of a solution grown anthracene crystal, after 
5 hours of irradiation, (a) as observed through 
the tra^nitted polarized light (crossed polarizer); 
(b) , as observed through transmitted unpolarized 
light. Magnification x 250.
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thick crystal, grown by this method, the (20l) face is well 
developed. Thus the lines of imperfection in the [OlOj 
direction resemble the emergent dislocations of the type 
(20l) [oio} . Dislocations of this type have been shown 
by Thomas and Williams (1969) to be very common in melt grown 
anthracene crystals.
4.4.4 Photodimerization in vapour growm crystals
In contrast to melt grown and solution grown crystals, 
photodimerization in vapour grown crystals requires a longer 
period of irradiation. The photodimerization feature is 
similar to the crystals grown from melt where, elliptical 
areas are first formed, followed by the formation of cracks 
and dimer aggregates on the shorter axis of the ellipses. 
However, the elliptical areas mostly appear as isolated spots.
Plate 4.5 shows the (OOl) face of a particular 
irradiated vapour grown crystal in which several photodimeriza­
tion sites are observed. As is apparent from the plate, the 
formation of elliptical areas, cracks and dimer aggregates 
occurs on the same sites. These sites occur along certain 
lines of imperfection in the [OlO] direction and also along 
the line AB (see plate) which inclines 49° to the [loo] 
direction. Some of these lines can be seen in the fresh 
crystal (Plate 4.6). Formation of dimer on the crystal 
edge is also apparent in Plate 4.5.
The needle-like crystals along [Old] and the white
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Plate 4.5: The partially photodimerized (OOl) face
of a vapour grown anthracene crystal, after 3 hours 
irradiation. The parallel dark spots in the flOO] 
direction correspond to anthraquinone crystals. The 
dimer aggregates appear as dark spots at the shorter 
axis of the elliptical areas. Magnification x 100.
Plate 4.6: The (OOl) face shown in Plate 4.5» before
the irradiation, under the same magnification.
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areas, apparent in Plate 4.5» are the photooxidation products 
previously described. Photooxidation occurs because air 
was not completely removed from the sample tube. However, 
the formation of elliptical areas is not dependent on the 
gas medium.
4.4.5 Summary of the results
The details of photodimerization in anthracene 
crystals depend on the method of growth and the gas medium.
In the presence of oxygen, photooxidation also takes place 
which occurs more readily than the photodimerization. From 
studies on 8 crystals prepared by each of the growing methods, 
four photodimerization features have been observed.
1. Long chains of dimer aggregates in the [OlOj 
direction.
2. Dimer formation at the closely spaced elliptical 
areas along certain lines of imperfection.
3. Formation of dimer at isolated elliptical areas.
4. Formation of dimer at the crystal edges and on 
some cleavage steps.
The occurrence of these features in the photodimerized crystals 
also depends on the method of growth as tabulated in Table 4.2.
TABLE 4.2
Photodimerization features in crystals 
grown by different methods.
(The figure in the table represents the 
number of the crystals showing the 
respective feature . 8 crystals were
studied for each type.)
Photodimerization sites/features
Type of 
crystals
Crystal
edge
or
Cleavage
steps
Isolated
elliptical
areas
Long 
chains 
in 010 
direction
Long 
chains 
in other 
directions
Melt g r o w 8 8 8 8
Solution grown 8 3 8 1
Vapour grown 8 8 3 2
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4 .5 DISCUSSION
It is generally accepted that photodimerization of 
anthracene crystals takes place at defect sites and some 
possible explanations for the enhanced reactivity at these 
sites have been described in Section 2.4. The microscopic 
observations described in this chapter support this view and 
confirm earlier studies (Craig and Sarti-Fantoni, 1966;
Thomas et al. 1967, 1969, 1971, 1972; O'Donnell, 1968;
Baum, 1970; Donati et al. 1973)«
In the sequence of photodimerization, elliptical 
areas are first formed. This has not been reported previously 
except by Donati et al. (1973)« However no explanation was 
offered by them regarding the mechanism of the formation of 
the elliptical areas.
The elliptical areas, referred to as "lance-shaped" 
by Donati et al. (1973) have a definite orientation with 
respect to the anthracene crystal axes. The long and short 
axes of the elliptical areas are respectively parallel to the 
a and b crystal axes. This is analogous to the appearance 
of pyramidal etch-pits on the (OOl) face of anthracene 
crystal. The long and short axes of the etch-pits are also 
parallel to the a and b crystal axes respectively (Corke 
et al., 1967). The etch-pits geometry of this kind is 
characteristic of monoclinic crystals such as anthracene 
and naphthalene.
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For a long time etch-pit formation has been used to 
detect emergent dislocations at the crystal surface, for the 
reason that etch-pits are formed at an emergent dislocation 
by chemical etching. This is related to the higher Gibbs free 
energy change for nucleation processes at the emergent disloca­
tions than that at a perfect surface (Johnston , 1962).
In view of the close correspondence between the 
geometry of the elliptical areas and the etch-pits; and also 
of the fact that the elliptical areas appear at selective regions 
of the surface, it is likely that the elliptical areas are 
formed at the emergent dislocations. Under a low intensity 
light, the elliptical areas can be observed through the micro­
scope as depressed sites. They may therefore form as a result 
of evaporation from the emergent dislocations.
Etching by evaporation has been used to reveal 
emergent dislocations in a few organic crystals including 
anthracene (Dukova, I96I; Sears, 1962; Thomas and Williams, 
197l). All the studies indicate that the etch-pits produced 
by evaporation are either non-crystallographic or formed on the 
emergent screw dislocations.
From a study on paratoluidine and ß -methylnaphthalene 
crystals, Dukova (1961) found that the etch-pits produced by 
evaporation are associated with screw dislocations of large 
Burgers vector (20 to 40 times the unit cell dimension). 
According to Frank (l95l) the dislocations of large Burgers
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vector (greater than 10A°) should be hollow. Cabrera, Levine 
and Plaskett (1954) have considered such a hollow dislocation 
to be the necessary condition for the formation of etch-pits by 
evaporation, when the crystal is in an environment of large 
undersaturation. Thus, accepting that the elliptical areas 
are produced by evaporation, the sites upon which the elliptical 
areas appear should correspond to the emergent dislocations 
of large Burgers vector. However this relies on the validity 
of Cabrera’s theory.
As has been described, the elliptical areas appear 
as isolated spots and as strings of closely spaced spots. The 
latter are mostly not rectilinear. Those which are rectilinear 
mostly align in the [do] direction (parallel to b crystal 
axis). This is taken to be indicative of the presence of some 
lines of imperfection along the strings of closely spaced 
spots.
Formation of strings of elliptical areas in the [Oioj 
direction is shown in Plate 4.7» The crystal shown in the 
plate was obtained by cleaving a melt grown crystal in the 
(OOl) plane. Such an operation has been shown to be c.onducive 
to- the formation of edge dislocations of the type (OOl) [Oio] 
(Thomas and Williams, 1969; Robinson and Scott, 1970) and also 
edge dislocations of the type (20l) [oioj (Thomas and Williams, 
1969)* Chemical etching of the cleavage face would produce 
a row of etch-pits on the tilt boundaries, in the [OIO] direc­
tion. (The tilt boundaries are produced by the emergent
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Plate 4.7s The partly photodimerized (00l) 
cleavage Pace of a melt grown anthracene 
crystal, illustrating the formation of 
closely spaced elliptical areas, AB, in the 
[Old] direction. Magnification x 100.
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dislocations of the above types.) Thus the formation of a 
row of elliptical areas in the [OlOj direction (see plate) 
qualitatively confirms the view that the elliptical areas 
are also formed on the emergent dislocations.
The occurrence of photodimerization on the elliptical 
areas then suggests a one-to-one correspondence between the 
sites of photodimerization and the sites of the emergent 
dislocations. This is consistent with the study by Thomas 
et al. (1967, 1969» 1971» 1972) who found a similar relation­
ship .
The observed surface change on the irradiated crystal 
can be explained in terms of excitation energy trapping. Once 
the crystal is excited, the excitation energy will be delocal­
ized in an exciton band. It is, however, eventually localized 
in a region of disturbed lattice because the distr&bed molecules, 
being differently coupled from the bulk molecules have different 
excitation energies and, if the excitation energy is lower 
they act as traps. The trapped exciton is then lost by 
fluorescence or undergoes other energy degradation processes.
Its conversion into heat will cause local heating and thus 
produces etch-pits by evaporation. Therefore the evaporation 
etch-pits may be confined to the emergent dislocations having 
excitation energy lower than the perfect crystal. Cracks 
may also be produced by local heating. Some of the trapped 
energy will be utilized for photodimerization and, accordingly, 
the dimer aggregates are mostly found on the elliptical areas
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and surface cracks. Once photodimerization has occurred at these 
sites, the subsequent reaction proceeds preferentially in the 
[oio] direction, and additional cracks form along the dimer 
aggregates. It is for the reason of exciton trapping that 
pliotodimers and fluorescence are mostly observed at the crystal 
edges and surface cracks.
The formation of cracks along the dimer aggregates is to 
be expected because the conversion of anthracene crystal into 
its corresponding dimer is followed by 20 percent reduction in 
lattice volume. The lattice dimension along b axis is 
almost doubled in going from the anthracene crystal into the 
dianthracene crystal ( b , dimer = 12.080 A ; 2b ( monomer =
12.072 A°), implying no change in packing length, but the 
lattice dimension along a axis is reduced (<k  ^dimer = 8.127 A°;
2a  ^monomer - 17.122 A°). Since the a and b -axes of the 
dimer crystal are in near coincidence with the a and b - 
axes of the monomer crystal (Rood et. al. 197l)» the reduction 
in lattice dimension along the a axis would produce cracks 
along the b -axis (COlO] direction).
The near coincidence between the b -axis of the 
dimer crystal with the b -axis of the monomer crystal may 
facilitate the formation of long chains of dimer aggregates 
along the b -axis. But the main reason may lie with the 
general nucleation phenomenon of solid state reaction where 
the product nucleus will facilitate the decomposition of the 
adjoining molecules resulting in the growth of the nucleus by
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interfacial reaction. Since the monomer molecules are 
aligned in dimer orientation along the b -axis and the 
molecules are weakly overlapped along this direction, the 
formation of isolated dimer molecules would promote the 
crystallization of the product in strings along the b -axis. 
This is the explanation given by Baum (l970)- But the fact 
that the long chains of dimer aggregates in this direction 
are mostly found in the solution grown and melt grown crystals 
suggests that other factors predominate over the general 
nucleation phenomenon. These are associated with dislocations 
in the crystals which are expected to be very high in solution 
grown and melt grown crystals.
In the solution grown crystals, the long chains of 
dimer in the [oio] direction (along b -axis) are certainly 
associated with dislocations of the type (20l) [OIO] .
The (20l) face is well developed in solution grown crystals 
and thus the (20l) [OlOj dislocations correspond to growth 
boundaries of the cyrstals. In the melt grown and the vapour 
grown crystals, the long chains of dimer aggregates are also 
associated with the emergent lines of dislocations. Those
aligned in the [OlOj direction may be associated with tilt 
boundaries produced by emergent edge dislocations of the type 
(OIO) [OIO] and (20l) [oio] which have been shown to be common 
in anthracene crystals (Thomas and Williams, 1969; Robinson 
and Scott, 1970) . Those aligned in the non-crystallographic 
axes may be associated with a combination of screw disloca­
tions of which^ screw dislocations of the type (OIO) [oOlJ 
predominate.
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4.6 CONCLUSION
Certain dislocations and surface defects associated 
with them may become the sites of exciton trapping. The 
conversion of the trapped exciton into heat produces 
evaporation etch-pits and surface cracks. The localization 
of the exciton also produces photodimers at these sites. 
Therefore, photodimerization can occur at several types of 
defects such as crystal edges, cleavage steps, cracks and 
dislocations provided that the defects also act as trapping
centres for excitons.
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CHAPTER 5
PHOTODIMERIZATION STUDY BY A FLUORESCENCE 
TECHNIQUE BETWEEN 27 5K AND 348K.
5.1 INTRODUCTION
The photodimerization of anthracene crystal is 
known to occur at defect sites as described in the previous 
chapter. The defects may be present in the crystal before 
the irradiation or may be produced by it. Also, photodimeriza­
tion occurring at an apparently perfect surface is preceded 
by the formation of elliptical spots identified at emergent 
dislocations. Irradiation also produces cracks on the 
irradiated surface upon which the dimer aggregates grow. Strong 
fluorescence is observed from the cracks. The correspondence 
between the sites of photodimerization and the sites of 
fluorescence is therefore apparent. This relationship is 
studied in this chapter at temperatures ranging from 275K to 
348K.
Donati et a l . (1973) reported a similar but more
limited study in which the fluorescence intensity of a thin ab 
face was found to vary irregularly when irradiated at room 
temperature for a long time. The b and a-polarized spectra 
were found to show a similar variation. Earlier Akon and Craig 
(1966) showed a decrease of fluorescence polarization ratio 
with irradiation time when a thin ab face crystal is irradiated 
continuously at room temperature. They associated the 
decrease of polarization ratio with the increase of gross crystal
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imperfection produced by the irradiation.
In the present study, the scope is broadened to 
include the dependence on temperature and the various crystal 
faces on the photodimerization and fluorescence relationship. 
This study may give some information on the kinetics of photo­
dimerization, and it may enable the photodimerization on 
different crystal faces to be compared, a comparison which has 
not been possible up to the present time. The comparison is 
made on the ab, b e 1 and ac faces of anthracene crystal.
However, there is lack of information on the fluorescence 
spectrum of be' and ac faces of anthracene crystal, thus the 
fluorescence of ab, be' and ac faces have also been compared.
5.2 EXPERIMENTAL
The photodimerization reaction on ab, be' and ac 
faces of pure anthracene crystals was studied by following the 
fluorescence change upon irradiation on the respective crystal 
faces. The method of obtaining the different crystal faces was 
described in Section of Chapter 3* The reaction was
effected by irradiating the crystal continuously with 3^30 A° 
light of Phillip CSX 430 Watts high pressure mercury lamp 
operating at 420 Watts and placed at 1.2 metre from the crystal. 
With the same light source, the fluorescence was measured 
from time to time without disturbing the experimental set-up.
Any change in the spectrum was a function only of irradiation
time.
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The experimental set-up is shown in Figure 5»1* The 
El-Perkin Elmer grating monochromator was used for recording the 
spectrum. The exciting light from the mercury lamp source, S, 
was filtered wTth a Jena UG 1 glass filter, F/ so that only light 
of wavelength more than about 3000 A° was allowed to fall on 
the crystal. The light was condensed onto the crystal,C, 
using a series of pyrex lenses of 25 mm diameter and 20 cm
focal length, and plane mirror M. In order to avoid heating 
effect the light was not focused sharply.
The crystal was oriented in such a way that its principal
axis was inclined 45° "to the lines of grating and the irradiated
face was perpendicular to the optic axis of the monochromator.
Thus the fluorescence was measured with front surface illumina­
tion with an angle of incidence of the exciting light of
about 20°. The crystal was placed at a distance of about 0.7 
metre from the entrance slit of the monochromator.
The fluorescence was focused onto the entrance slit of 
the monochromator by means of a condenser lens, L^, of 50 mm 
diameter and 20 cm focal length and focusing lenses, L^, of 
40 mm diameter and 20 cm focal length and of 20 mm diameter 
and 20 cm focal length. The lenses, L^, and, L^, were placed in 
such a way that the light entering the monochromator did not 
overfill the grating. A Glan-Thomson polarizer P was placed 
between the lens, and, ,whenever required. Polarized spectra 
were measured by rotating the polarizer.
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Crystal
Monochromator
Figure 5.1 : The instrumental arrangement for
recording the fluorescence spectrum. (Not drawn 
according to scale.) (s - light source;
L , L , L , L, and L - pyrex lenses; F - glass
J- £  J  ^  J
filter; M - plane mirror; P - polarizer;
Pm - photomultiplier; DCA - DC Amplifier;
C - chart recorder; Ps - power supply.)
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The monochromator was set to work with a double-pass
97S5beam and 80y-*- slit width. An EMI 9558B side window photo­
multiplier was used as the detector and the signal was amplified 
by a DC amplifier and recorded on a chart recorder.
The instrumental set-up was not disturbed at any time. 
The intensity of the exciting light was kept constant for diff­
erent experiments by adjusting the power input to the lamp. 
Constant power input to all the electrical instruments was also 
maintained and the experiment was only started after all the _ 
electrical instruments have been stabilized for not less than 30 
minutes.
In order to avoid photo-oxidation reactions, the
Oi
irradiation was carried out in^nitrogen atmosphere. The 
procedure of crystal mounting was described in Section 3»4 of 
Chapter 3 and the degassing procedure was the same as the pro­
cedure of the growing of crystals from vapour and melt as 
described in Section 3»3 of Chapter 3* The crystal was 
mounted on a masking window of 2 mm diameter and enclosed in a 
sample cell of which the type and dimension varied according 
to the temperature of the experiment.
In the room temperature study, the mounted crystal 
was enclosed in a pyrex tube of 5 mm inside diameter and 15 cm 
long containing 710 torr of high purity dry nitrogen. The low 
temperature study was carried out at 275K with the same type of 
cell except for its length which was 40 cm. This was to allow
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use of' a flow tube to achieve and maintain the required 
temperature.
The combined apparatus used for the low temperature 
study is shown in Figure 5.2 where the sample cell,A/was inserted 
inside the flow tube,B, and cold water, from an ice-salt-water 
mixture;C, was circulated through it by means of a mechanical 
pump,D. The ice-salt-water mixture was kept in a vacuum flask^
E/and a constant temperature maintained by adjusting the 
quantity of the ice and the salt. The crystal temperature was 
taken as the temperature of the water returning from the flow 
tube and found to be 275 - IK.
The photodimerization study was also carried out at 
323K and 348K by using a different kind of cell. Since a 
constant temperature was required in this study, the cell was 
made of oandyne material of 1 cm thick to act as the thermal 
jacket as shown in Figure 5 * 3 « A pyrex plate 1 mm thick 
and diameter 5 mm was cemented into the window 'W* of the cell 
located at the centre of the lid. A pyrAx tube ’ C ’ was 
cemented around the window and a heating coil wrapped around it 
as shown in the diagram. Two valves'V 7were attached to the other
half of the cell for the degassing procedure and a thermometer 
‘T'inserted in the middle of the cell. The crystal was mounted 
into an aluminium strip window in the same way as in the previous 
case. The aluminium strip was in turn mounted bet, 1 two 
pyrex plates of diameter equal to the inside diameter of the 
pyrex tube. It was then clamped into the window with the help
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Sample cell
Flow tube
Vacuum
Rubber tube
Vacuum flask
Figure 5*2: The apparatus used at 275K.
(Not drawn according to scale)
Spring coilValve
Heating coil 
Pyrex window
To Variac
Thermometer
Figure 5*3: The sample cell for photodimerization study
at 323K and 348K.
(Not drawn according to scale)
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of two spring coils S, one coil being cemented into the main 
cell and the other set .free within the pyrex tube. A copper 
plate, with hole in the middle, was attached to one end of 
each of the coils to stabilize the setting. A few powder crystals 
of anthracene were put into the cell to minimize the sublimation 
of the sample crystal. The crystal mounting and other opera­
tions were carried out in a transparent plastic bag filled with 
high purity dry nitrogen. However the initial degassing proced­
ure was carried out in normal conditions where the high purity 
dry nitrogen was allowed to flow into the cell for 30 minutes 
with both valves opened. When the experiment was ready, the 
lid of the cell was screwed tightly into the main cell.
3.3 RESULT
3.3*1 Fluorescence spectrum of anthracene crystal between 
273K and 348K.
The polarized fluorescence spectra of the ab, be' and 
ac faces are shown in Figure 3.4. The spectra are broad 
over the temperature range. The maxima of the fluorescence 
bands occur at 4o43 A ° , 4220 A ° , 4430 A ° , 4710 A° and 3100 A ° , 
with error of 1 2A° and are independent of crystal faces and 
the temperature of the experiment. The half-width of the bands
is the same for ab and be' faces and about 840 cm  ^ at 296k .
The ac face fluorescence bands are narrower by about 40 cm  ^
at the same temperature. On increasing the temperature to 3^8K, 
the half width is increased by about 10 cm  ^ but is not much 
affected on lowering the temperature from 296k  to 273K.
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ab face
ac face
4000 4200 4400  46 0 0 4 80 0  5000  A°
Figure 5*^5 Polarized fluorescence spectra of ab, bc'and ac 
faces at 296K.
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The relative intensities between bands vary slightly 
from sample to sample, and seem to depend on the defect concentra­
tion of the crystals. A good crystal will always give an 
intense 4220 A° band, with 4o45 A° and 4450 A° bands of about 
the same intensity. A crystal with a high concentration of 
surface defects gives weaker 4045 A° and 4220 A° bands, thus 
increasing the relative intensity of the 4450 A° band.
The intensity of the fluorescence from ab and b e 1 
faces is found to be approximately equal. In the case of the 
ac face, the fluorescence intensity is lower by about 50 percent.
In terms of the spectral features, increase of 
temperature reduces the intensity of the highest energy band.
This is in direct correspondence with the Boltzmann distribu­
tion law, where the population of the higher vibrational levels 
of the ground state is increased on increasing the temperature 
of the crystal. At 275K, the spectrum is similar to the room 
temperature spectrum.
As far as the polarization ratio is concerned, fluor­
escence from the different crystal faces gives different 
polarization ratio. In the case of an ab face crystal the
( / ) polarization ratio of the individual band is shown in Table a
5.1 for the spectrum at 296K. The ratio of the total intensity 
is also shown in the table as the ratio of the total fluorescence 
intensity of the b-polarized spectrum over the a-polarized 
spectrum. The total fluorescence intensity is obtained by inte­
grating the spectrum from 3990 A° to 5200 A ° .
8 0 .
TABLE 5.1
b polarization ratio of ab face fluorescence at 296K.
Band Crystal 1 Crystal 2 Crystal 3
1. 4045 A° 5.5 5.0 4.7
2. 4215 A° 4.7 3.5 4.0
3. 4450 A° 4.1 3.0 3.8
4. 4710 A° 4.0 3.0 2.6
5. 5100 A° 3.6 2.0 4.0
Vi 4.8 4.0 4.3a
Crystals 1, 2 and 3 were grown from vapour, solution and melt
respectively.
In the case of fluorescence from the be' and ac faces, 
the polarization ratios at 296k are listed in Tables 5»2 and 5«3 
respectively. The polarization ratio of the be' face is 
measured as the intensity ratio of the b-polarized spectrum 
over the c ’-polarized spectrum. The polarization ratio of the 
ac face spectrum is measured as the intensity ratio of the a- 
polarized spectrum over the c'-polarized spectrum.
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TABLE 5.2
b
! polarization ratio of be * face fluorescence at 296K.
Band Number Crystal 1 Crystal 2 Crystal 3
1 3.0 3.4 2.8
2 2.7 2.0 2.4
3 2.0 1.8 2.0
4 1.7 1.7 1.8
5 H • 00 1.7 1.7
oH
H
2.3 2.0 2.3
TABLE 5.3
a/c< plarization ratio of ac face fluorescence at 296k .
Band number Crystal 1 Crystal 2 Crystal 3
1 1.0 0.8 0.7
2 0.9 0.8 0.8
3 0.9 0.9 0.8
4 0.7 0.9 0.8
5 - 0.9 0.9
Vi , 0.9 0.9 0.9cI
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An attempt was made to measure the polarization 
ratio of the ac face fluorescence with the polarizer inclined 
45° and 135° to the a-axis. This gives a total polarization 
ratio of about 13.0. The polarization ratio of the individual 
bands is listed in Table 5 • ^  •
TABLE 3.4
Polarization ratio of ac face crystal with 
the' polarizer inclined 43° to the a- 
axis and perpendicular to it.
Band number Polarization ratio
1 -
2 00 •
3 20.4
4 30.0
3 7.3
I45°/i
133°
13
The polarization ratio of the fluorescence 
from the different crystal faces is not much affected on lower­
ing the temperature from 2 9 6K to 275K. Only the polarization 
ratio of the highest energy band is increased by about 13 per­
cent. This is particularly apparent for the fluorescence 
from the ab and be1 face crystals. It can be explained as due 
to decrease of reabsorption on the b-polarized spectrum as
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evident from the work of Nakada (1963) who observed an increase 
of absorption from the excited vibrational level of the ground 
state to the zero vibrational level of the excited state, on 
increasing the temperature from 93K to 353K« At temperatures 
higher than 296K, the polarization ratio was not measured 
because of the difficulty in orienting the crystal axes.
The polarization ratios given here are subject to 
significant error in that they are not corrected for photo­
multiplier response to polarized light and for reabsorption.
An attempt was made to minimize the error due to photomiltiplier
rresponse by placing a quarter wave plate at the entrance slit 
of the monochromator. However this proved not entirely satis­
factory because the intensity of the polarized spectrum still
r
showed some variation when the quarter wave plate was rotated
Vabout the direction of the incoming light. The quarter wave 
plate was eventually not used in the instrumental set up. The 
crystal was oriented in such a way that its axis of polarization 
made an angle of 43° to the line of grating. The response of 
the grating should then be equal for the two polarizations.
The measured polarization ratios are still somewhat in error 
as absolute values even if the polarization axis correctly 
oriented. This should not however effect the significance of 
measurements of changes produced by irradiation.
As far as the effect of photodimerization on the 
fluorescence spectrum is concerned, no apparent change was
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observed in the position of the individual fluorescence bands 
regardless of the crystal faces and the temperature of the 
experiment. The most obvious change is in the variation of 
the intensity with irradiation time as shown in Figures 5«5» 5-6
5.7 and 5*8; but because of its special feature, this 
phenomenon will be described in a separate section. The band 
half-width is increased on photodimerization and the relative 
intensity of the individual band is changed but variations occur 
among many of the crystals studied.
The variation of the relative intensity can be seen in 
Figure 5.6 where it is apparent that all the bands increase in 
intensity, under conditions of the maximum fluorescence intensity, 
except the higher energy band. The broadening of the fluorescence 
band in photodimerization is clearly apparent in Figure 5*8 where 
a structured spectrum collapsed into an unstructured spectrum 
after photodimerization.
The polarization ratio also changed towards unity 
by irradiation. In the initial stage of irradiation, during 
which the total fluorescence intensity remains constant, the 
polarization ratio also remains constant. It starts to change 
towards unity when the fluorescence intensity itself begins to 
change. In the case of be' face, the polarization ratio quickly 
goes down at a rate commensurate with the rate of the increase 
of fluorescence intensity. When the fluorescence intensity has 
reached a maximum value and starts to decrease, the polarization 
ratio decreases more slowly. The reduction of polarization ratio
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40-00 4200 4 4 0 0  4 60 0  4 8 0 0  5 0 0 0  Ae
Figure 5«5 ’ Fluorescence spectrum of ab face anthracene 
crystal at 296K. a - fresh crystal; b - at the stage of 
maximum intensity, c - after 20 hours irradiation.
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4000  4200 4 4 0 0  4 6 0 0  4800 500 0  A°
Figure 5»6: Fluorescence spectrum of be' face anthracene
crystal at 296K. a - fresh crystal; b - at maximum
intensity; c after 20 hours irradiation.
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4000 4200 4400 4600 4800 5000 A
Figure 5*7: Fluorescence spectrum of ac face anthracene
crystal at 296K. a - fresh crystal, intensity scale x 10; 
b - at maximum intensity; c - after 2Ö hours irradiation.
8 8 .
4000  4200 440 0  4600  4800 5 000 A'
Figure 5*8: Fluorescence spectrum of ab face anthracene
crystal at 3^+8K a - fresh crystal; b - after 10 hours
irradiation.
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of* the ab face fluorescence is less marked than that of the be * 
face. It is less apparent for the ac face because the polariza­
tion ratio itself is initially near unity. The change of 
polarization ratio of the total fluorescence is shown in Figure 
5.9 for the three crystal faces studied and irradiated at 296°K. 
Irradiation at a lower temperature, carried out on an ab face * 
crystal, gave a much smaller decrease of polarization ratio than 
irradiation at 296K.
5.3.2 The variation of fluorescence intensity with irradiation 
time.
When anthracene crystal is irradiated continuously in
va nitrogen atmosphere under conditions shown in Figure 5*1» the 
fluorescence intensity is found to vary in time in a manner similar 
to that observed by Donati et al. (1973). However instead of 
plotting the intensity of the most intense band against the 
irradiation time, as done by Donati et al., we plot the intensity 
integrated over the whole band system from 3990 A° to 5200 A ° .
In this way, the variation of fluorescence intensity is averaged 
over the whole band, and the overall process, responsible for 
the variation of fluorescence intensity, is taken into account.
This is important because the intensity of the individual bands 
do not vary uniformly as already described.
In general, the variation of fluorescence intensity 
with irradiation time can be divided into three stages. The 
first is a stage of constant intensity present initially. The 
second stage is one of increasing intensity. This is followed
9 0 .
ac face
Time of irradiation in hours
Figure 5»9? The change of polarization ratio of fluorescence 
from ab, be’ and ac face anthracence crystals at 29&K, as
a function of irradiation time.
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by the third stage which is one of decreasing intensity. The 
pattern of the variation of fluorescence intensity is dependent 
in detail on the temperature of the crystal and the crystal thick­
ness, and is different for different crystal faces.
Figure 5*10 shows the pattern of the variation of the 
fluorescence intensity of the different crystal faces. It is 
apparent, from the figure that the intensity from be' and ac 
faces increases rapidly after 30 minutes irradiation tinder the 
conditions used. In contrast, the fluorescence intensity from 
the ab face crystal, of the same thickness and irradiated under 
the same conditions, remains nearly constant for few hours before 
increasing at a slower rate. This dependence will be discussed 
in Section 5.k,2,
The dependence on crystal thickness can also be seen 
in Figure 5*10. From a thin crystal of about 3 0 thick, the 
fluorescence intensity is nearly constant, in contrast with a 
thicker crystal of about 0.5 mm. This conflicts with the 
result of Donati et. al. who observed an increase of fluorescence 
intensity from an irradiated thin crystal of about 1.5-5/0 thick. 
This is almost certainly associated with their experimental con­
ditions, in which the exciting light was sharply focused onto the 
crystal. The high energy density of the exciting light is 
expected to heat the crystal and to cause cracks on the irradiated 
surface. These cracks will in turn become the new fluorescence
centres in the crystal. In the present study, the exciting light 
was not sharply focused onto the crystal, and the temperature
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Time of irradiation in hours
Figure 5*10! The change of fluorescence intensity of 
anthracene crystals with irradiation time at 29&K. (<&) -
ah face, 0.5mm thick; (®) - be’ face, 0.5mm thick; (o) -
ac face, 0.5mm thick; (a ) - crystal still in the zone 
refining tube, 5•mm thick; (x) - ab face vapour grown
c r y s t a l , t h i c k .
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rise should be much slower.
The variation of fluorescence intensity is also 
dependent on the temperature of the experiment (Figure 5*H).
The time required to reach the stage where the fluorescence 
intensity begins to decrease, is apparent in the figure. At 
275K and 296K, it takes a few hours irradiation under the 
standard conditions before the fluorescence intensity begins to 
decrease. At 323k and 3^+8K the fluorescence intensity begins 
to drop immediately.
The immediate decrease of fluorescence intensity at 
323k and 348K is affected by reabsorption. This is evident 
from the observation that the intensity of the 38OO A° mercury 
line reflected by the crystal also decreases during the same period 
of irradiation as shown in Figure 5.12. The fluorescence 
spectrum and the reflected 38OO A° mercury line were recorded 
simultaneously and thus enable the reabsorption to be recognized.
After the irradiation at 323k and 3^8k, some yellow 
anthraquinane crystals were found on the plate used for the 
mounting of the crystal. This suggests that photo-oxidation 
has occurred at these temperatures. This is likely because the 
sample cell was not evacuated before introducing the nitrogen 
gas. Air was merely removed by flowing nitrogen gas into the 
cell for 30 minutes; hence some air was still trapped. The 
reabsorption, described above, is therefore likely to be 
associated with the anthraquinone which is known to absorb wave­
lengths of less than 4900 A ° , with the first absorption maximum
6Time of irradiation in hours
Figure 5»H i  Variation of fluorescence intensity with 
irradiation time for the irradiation at different 
temperatures. (^) - 275K; (o) - 296K; (°) - 323K;
(x) - 3^8K. The crystal thickness varies between 20 to
50 microns.
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at 4050 A° (Morton and Earlam, 194l). Reabsorption by 
anthraquinone does not occur at 275K and 296K as evident from 
the fact that the intensity of the reflected mercury line 
remains constant throughout the irradiation period.
The change of fluorescence intensity with time at 
323K and 348K is not smooth as is apparent in Figure 5*12. The 
intensity jumps to a higher value after certain period of 
irradiation. This appears to be connected with partial 
sublimation of the crystal because during this time, fine powders 
were formed on the plate used for the mounting of the crystal.
This increases the fluorescent area and thus increasing the intens­
ity of the recorded spectrum. The fluorescence intensity 
decreases in a smooth way when sublimation does not occur.
The decrease of fluorescence intensity in the final 
stage of irradiation is close to exponential in the thick melt 
grown crystal, whereas in thin vapour grown crystals it is 
exponential only at low temperature. In other words the decrease 
of fluorescence intensity in a thick crystal follows a first 
order kinetic law with rate constant depending on which face is 
irradiated. This dependence is s h o w  in Table 5.5. It is also 
found that the initial stage of the increase of fluorescence 
intensity is close to exponential. The rate constants for the 
increase of fluorescence intensity are also listed i" ehe table. 
Table 5*5 also shows the irradiation times required 1 or the 
fluorescence from the different crystal faces to reach a maximum
intensity.
9.6,
<5 3
Time of irrediotion in hours
Figure 5*12: The variation of fluorescence intensity and
the intensity of the reflected 3800 A° mercury line with 
irradiation time. (°) - fluorescence intensity at 323K; 
(o)-fluorescence intensity at 3^8K; (^-'reflected 38OO A° 
mercury line intensity at (x) - intensity of the
reflected 38OO A° mercury line at 3^8K.
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TABLE 5.5
The rate constant of the change of fluorescence 
intensity upon irradiation time at 296K (see 
Figure 5•10)•
Crystal face Time to Rate constant for Rate constant for
reach intensity intensity
maximum increase decrease
intensity
ab 6 hours 00 X 10 6 -1sec 7.0 X H o 1 C
\ -1sec
be * 1 2 hours 6.4 X H O 1 Ur -1sec 7.6 X 10 6 -1sec
ac 3 hours 1.4 X 10 ^ -1sec 3.0 X 10-6 -1sec
crystal in 3 hours 5.2 X H O
1 o\ -1sec 8.8 X 10-6 -1sec
zone refin­
ing tube.
It is apparent that the decrease of fluorescence
intensity is slowest for the ac face and is fastest in the case
where the crystal is never removed from the zone-refining tube.
The rate constants for the decrease of fluorescence intensity from
ab and be’ faces are about the same. The rate constants in
Table 5*5 are obtained from the plot of fn / versus time
1t
shown in Figure 5»13» 1^ is the initial intensity and 1^ the
intensity at time t.
Figure 5*1^ shows the corresponding plot .or the thin 
ab face crystals of Figure 5.10 and 5.12 and irradiated at diff­
erent temperatures. Here the first order rate "constant" of 
the decrease is not constant throughout the irradiation time at
9 3 . • -
-  0-6
Time of irradiation in hours
Figure 5*13: Plot of f (^o/ ) versus time of irradiationn
for the thick anthracene crystals at 296k .(o) - ab face,
0.5 mm thick; (a) - be' face, 0.5 mm thick; (o) - ac face,
0.5 mm thick; (x)- crystal still in the zone-refining
tube.
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Time of irradiation in hours
Figure 5*14: Plot of 1 (^o/ ) versus time of irradiation
n 1t
for thin anthracene crystals of 20-50^  "thick, (o) - at 275K; 
(x) - at 296K;(ä ) - at 323K;(<3>) - at 348K.
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a temperature higher than the room temperature. At 323K, the
rate constant jumps to a lower value for every jump of fluorescence
I
intensity and the plot of in — —  versus time of irradiation
1t
becomes non-linear at 3^ -8K. This is due to partial sublimation 
and photo-oxidation previously described. The partial sublima­
tion explains the irregular variation of the fluorescence intensity, 
and photo-oxidation explains the decrease of rate "constant" with 
time. The rate "constant" will become steady when photo­
oxidation has stopped.
There is no photo-oxidation in the experiment at 275K 
and 296K because air was completely removed from the sample cell 
by successive evacuation and replacement by nitrogen gas. Hence 
the decrease of fluorescence intensity at 275K and 2 ^ 6 K is 
probably connected with photodimerization and its rate constant 
should be related to that for the photodimerization reaction.
It is interesting to note that the fluorescence 
intensity at 3^3K and 3 +^8K decreases more slowly than the 
intensity of the reflected 38OO A° mercury line. This agrees 
very well with the previously suggested reabsorption by 
anthraquinone. Since the anthraquinone crystals were mostly 
found on the wall of the pyrex plate used for the mounting of the 
crystal, the exciting light is expected to be absorbed by the 
anthraquinone twice. In the first absorption, the incident light 
is partly absorbed by the anthraquinone crystals before reaching 
the anthracene crystal. The light reflected by the anthracene 
crystal will also be partly absorbed. Similarly, the fluorescence
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light will be partly absorbed by the same crystals, but the 
absorption coefficient is much lower because the fluorescence 
spectrum of the anthracene crystal lies at a slightly lower 
energy than the absorption spectrum of anthraquinone molecule 
whereas the exciting light lies within the anthraquinone absorp­
tion region.
The first absorption maximum of anthraquinone molecule 
occurs at 4050 A° (Morton and Earlam, 194l) which corresponds to 
the highest energy fluorescence band of anthracene crystal.
However the Frank-Condon maximum of the fluorescence spectrum lies 
in the region 4220 A° to 4450 A ° . Therefore the total fluoresc­
ence intensity of the anthracene crystal is not much affected by 
this absorption. Thus the decrease of fluorescence intensity in 
the presence of anthraquinone is mainly due to the decrease of the 
intensity of the exciting light reaching the anthracene crystal. 
One therefore expects that the fluorescence intensity will 
decrease more slowly than the reflected light.
In order to determine the activation energy for the 
decrease of fluorescence intensity, the rate constants at 3 23K 
and 348K are calculated for a constant intensity of irradiation. 
This can be obtained quite readily because the exciting light 
intensity reaching the anthracene crystal becomes constant after 
the photo-oxidation has stopped, as evident from the constant 
intensity of the reflected light during this period. The fluor­
escence intensity decreases at a slower rate during this period. 
The calculated rate constant is then compatible with those at
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275K and 296K. However it is necessary to correct this rate 
constant for the reduction of the exciting light intensity 
because of the absorption by anthraquinone crystals.
The rate constant is corrected by multiplying the
2i
observed rate constant by a factor (--- ——- ) where i is thev i + 1 , ' oo t
intensity of the reflected 3800 A line at the beginning of 
irradiation and i the intensity at time t when the intensity of 
the reflected light begins to remain constant. The factor 2 is 
included because the measured i^ _ has undergone absorption by 
anthraquinone twice, while the exciting light is reduced at the 
first absorption only.
The corrected rate constants for fluorescence intensity 
at different temperature are listed in Table 5»6, one for each 
crystal studied. In all cases, the first period of irradiation 
is omitted because the decrease of fluorescence intensity during 
this period is compensated by the increase from defects as evident 
from observations on thick crystals.
From the rate constants for the decrease of fluorescence
intensity at different temperature, its activation energy can be
determined from Arrhenius equation.
E
i a ~ R T  ' c 1
where'k*is the rate constant at temperature yT; A yis a constant,
R,is the universal gas constant and E is the activation energy.
The activation energy, E,is found to be 1100 + 300 cm The
TABLE 5.6
Rate constants for the decrease of 
fluorescence intensity from thin ab 
face crystals irradiated at different 
temperatures.
Temperature First order rate constant
27 5K 
277K
296k
323K
3.6 x 10 ^
—3.8 x 10
4.0 x 10
r
9.0 X 10“ 
1.4 X 10~3
1.1 x 10~3
1.6 x 10"3
-1sec
-1sec
-1sec
-1sec
-1sec
-1sec
sec-1348K
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rate constant of the thick ab face crystals listed in Table 5*5 is 
also included in determining the activation energy. The large 
error is mainly attributed to uncertainty in the intensity of the 
exciting light. This intensity was equalized by adjusting the 
source for constant power input for every experiment, a procedure 
later found to allow intensity variations as large as ± 20 percent. 
An error also arises from the correction for anthraquinone 
absorption insofar as absorption of the fluorescence light at 
323K and 348K is neglected.
Although the error is very large, nevertheless the 
measurement is some indication of the possibility of determining 
the kinetics of photodimerization of anthracene crystals by 
following the variation of fluorescence intensity alone. The 
remaining problem is to determine if this activation energy is in 
fact the activation energy of the photodimerization reaction in 
the crystal. This will be discussed in Section 5*4.3«
5*4 DISCUSSION
5.4.1 Fluorescence spectrum of fresh crystals.
In the crystal, the singlet excited state of the 
anthracene molecule is split into two Davydov states arising from 
the resonance interaction of translationally unequivalent 
molecules. Excitation by 3650 A° light followed by thermal 
equilabration will result in the population of the two Davydov 
states according to the Boltzmann distribution. This transition 
is polarized along the short molecular axis (M-axis) and is
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assigned --?> ®2u ’ The crystal has two molecules per unit
cell. The unit cell transition moment is oriented according 
to the sum and the difference of the two molecular transition 
moments. The different moment is polarized along the b-axis 
and the sum is polarized in the ac plane and at an angle of 
45° to the a-axis. The former belongs to the lower energy 
Davydov state of the crystal and the latter to the upper.
In emission, the transition is mainly from the lower 
Davydov state because of the redistribution of the excitation 
energy from the upper state into the lower state within the 
exciton lifetime; thus resulting in a higher polarization 
ratio for fluorescence than absorption (Craig and Hobbin5  ^
1955)• The polarization ratio is affected by the relative 
population of the Davydov states.
The polarization ratio of the ab face fluorescence, 
at room temperature, has been measured by several workers; 
the most recent is that due to Akon and Craig (1966). The 
values obtained by the other workers are listed in Table 5»7 
for comparison with the result of the present study. However
only the polarization ratio of a pure vapour grown crystal is 
included here because of the expected lower defect concentra­
tion .
In the case of fluorescence from the b e ’ and ac faces,
there seems to be no literature values. The only comparison
TABLE 5.7
b/' a polarization ratio of the fluorescence
from the ab face at room temperature.
Comparison with previous measurements.
Band
Number
■j^
/ Polarization ratio 
' a
A B C D
1 5.5 00• - -
2 4.7 4.6 5-3 4.30
3 4 .1 4.3 4.2 3.62
4 4.0 4.4 - -
5 3.6 - - -
A - present work 
B - Akon and Craig, (l966)
C - Ferguson and Schneider, (1958) 
D - Choudhury and Ganguly, (i960)
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that can be made is with the theoretical values shorn in Table 
5.8. It is apparent from the table that the experimental values 
are lower than the values obtained from the oriented gas model.
TABLE 5.8
Fluorescence polarization ratio of 
different crystal faces at room temper­
ature .
Polarization Polarization ratio
Oriented 
gas model
From eqn. 
5.2
Experimental
value
b/' a 7.94 4.09 4.8
b/1 c ’ 0
0 0 2.67 2.3
a/7 c * 1.02 0.98 0.9
In the
■L
case of ( / ) \ / a / polarization ratio, the deviation
from the oriented gas value has been explained by Akon and Craig 
(1966)as due to the fact that the transition moment in the crystal 
is not purely due to the short axis molecular transition moment, 
instead it is contributed to some extent by the long axis 
molecular transition moment. Consequently, the transition
cc
moments that correspond to the two Davydov states are rotated/few 
degrees from the free molecule short axis transition mement, with
108 .
different amount and different direction of rotation for different 
Davydov states.
According to Akon and Craig (1966) the polarization 
ratio of the ab face fluorescence is given by:
PR (b/a) = 0.892 + 0.125 tan 9/3 0.323 + 0.49^ tan 0.^ 5.2
where the figures 0.892 and 0.323 are the direction cosines of
the free mulecule short axis-transition moment along b and a
crystal axes respectively. The figures 0.123 and O .496 are the
direction cosines of the free molecule-long axis-transition moment
along b and a-axes respectively. 0^ is the angle of rotation of
the b-polarized Davydov, state and Boc is the corresponding angle
of rotation of the a-polarized Davydov state. Akon (1963 thesis)
chose the angle of rotation 0^ and to be 17°37’ and 27°45’
respectively which gives the ( / r ) polarization ratio of about 3«97a
or 4.09 depending on which crystal data are used. This is closer 
to the value obtained in the present study than the value obtained 
by Akon and Craig (1966).
Using the same formula and replacing the direction
b a.cosines for the appropriate polarization, the ( /c \) and ( /c t) 
polarization ratios can be calculated from the direction cosines’ 
given in Table 3.9» From this calculation, the ("^ / f ) polariza­
tion ratio is found to be 2.67 which is slightly higher than the 
experimental value of about 2.3» The calculated (a/c ,) polariza­
tion ratio is also higher than the experimental value as shown 
in Table 3*8. Nevertheless, the experimental values follow the
109.
same trend as the calculated values in the way that the polariza-
by cutting and polishing the crystal which inevitably produced 
large numbers of surface defect, the true polarization ratio 
corresponding to these faces must be closer to the calculated
TABLE 5.9
Direction cosines for anthracene crystal at 
290K. After Mason (1964).
^ x k o l e c u l a r
^ y % a x i  sCrys t a r <
axi s
L M N
a -O . 4 9 4 0 9 -0 . 3 1 7 3 2 +0.80933
b -O.I2 7 3 8 -0.89444 -0.42867
c ’ +0 . 8 6 0 0 3 -0 . 3 1 4 9 0 +0.40149
The lower value of measured polarization ratio is also 
related to the fact that the fluorescence was measured by a front 
surface illumination with the direction of the exciting light 
inclined a few degrees to the respective faces. In the case of 
ab and b e 1 faces, the upper Davydov state, polarized in the ac 
plane, is increased in population. Similarly, in the case of 
ac face, the lower Davydov state, polarized along b-axis, is also 
populated. Perhaps for this reason the (^/ ) polarization ratio
cl
tion ratio of the three different faces is such
values in line with the formula given by Akon and Craig (1 9 6 6 ).
is different between the measurement of one worker to the other.
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5.4.2 Variation of fluorescence intensity
The photodimerization of anthracene crystal has recently 
been associated with the existence of crystal defects as described 
in Chapter 2 and 4. As already noted in Chapter 4, long irradia­
tion on the crystal induces physical and chemical defects on the 
irradiated surface in the form of cracks, elliptical spots, and 
dimer aggregates. Because of photodimerization, it is expected 
that additional defects will follow the irradiation as a result 
of the lattice strain produced by the dimer growth. It is not 
surprising therefore to observe a variation of fluorescence in­
tensity from the crystal because defects are particularly effective 
in trapping the excitation energy from which the fluorescence may 
originate. The fluorescence intensity will depend on the 
efficiency of reemission at these traps. Thus we expect a correla­
tion between photodimerization and fluorescence.
At some point in the course of photodimerization it is 
necessary to have two parallel molecules in close proximity. In 
a perfect and unperturbed anthracene crystal this is not possible. 
Moreover the necessary degree of molecular rotation is strongly 
hindered in a perfect crystal. The parallel plane structure 
is therefore likely to occur at certain defects. It might then 
act as a trapping centre for the excitation energy because such 
molecular orientation in the lattice has lower excitation on 
account of the increased dispersion interaction, as evident from 
the absorption spectrum of a compressed anthracene crystal 
measured by Jones and Nicol (1968) where the excitation energy is 
shifted to lower energy.
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As already noted, the fluorescence intensity may remain 
constant for up to a few hours in the initial stage of irradiation, 
depending on the particular crystal and temperature. The period 
of constant intensity corresponds to induction period in the 
photodimerization of anthracene crystal. Baum (l970) has also 
observed an induction period in the photodimerization of 
anthracene crystal from the transmission and Debye Scattering 
study.
A speculation is that during this induction period, pre­
existing trapping sites are being used for photodimerization and
fluorescence emission. During this period some of the energy
°f isfro*n the exciting light #ro converted into heat. At room 
temperature, the quantum yield of fluorescence from the crystal 
is 90 percent (Bowen, 1955)» This leaves about 10 percent of 
the absorbed energy going into other processes including dimer 
formation and conversion of energy into heat. The local heating 
will cause anisotropic crystal expansion and because of this? gross 
cracks are expected to form in addition to microscopic disloca­
tions. The cracks and dislocations provide regions at which 
high concentration of dimer aggregates develop. Since fluorescence 
is observed to originate from the cracks, the induction period 
will end when the number of cracks exceeds the number of the pre­
existing sites of photodimerization and emission. This is 
followed by the near exponential increase of fluorescence 
intensity.
The increase in fluorescence intensity after the
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induction period was only observed in thick crystals and is 
associated with the appearance of cracks developed by the irradia­
tion. An increase of fluorescence intensity does not of course 
imply an increase of fluorescence efficiency. It may merely mean 
that the fluorescence which initially occurs uniformly throughout 
the crystal is channeled through the defect traps when the 
defects are present. Note that only the fluorescence from the 
irradiated face was measured.
From this correlation, it is then understood why the be' 
and ac face crystals take a shorter period of irradiation than the 
ab face crystal, of equal thickness, for their fluorescence in­
tensity to increase (see Figure 5»10)» The crystal is easily 
cleaved along the ab plane which is perpendicular to the be1 and 
ac faces. Hence the heating effect of the exciting light will 
induce cleavage quite readily along b and a-axis of the be1 and 
ac face respectively thereby increasing the fluorescence from the 
crystal edges. This does not occur in the ab face except for the 
creation of small surface cracks along b-direction. According 
to this explanation we would expect the increase of fluorescence 
intensity to be dependent on the crystal thickness. This is 
expected because organic crystals are generally bad heat conductors, 
thus the heat from the exciting light is not quickly de.Ajifa Leri 
throughout the crystal. The local heating is more manifest in a 
thicker crystal. This may explain why we did not notice an 
increase of fluorescence intensity in the irradiated thin crystals.
A similar observation in the variation of fluorescence 
intensity with irradiation time was recently reported by Donati
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et al. (l973) lor the fluorescence of ab face crystal of about 
1.5 - 3 thick. They associated the increase of fluorescence 
intensity with the increase of fluorescence from the surface 
cracks developed during the irradiation. This agrees very well 
with the present observation. They also showed that the 
fluorescence intensity is reduced in the initial stage of 
irradiation when the irradiation was carried out in an oxygen 
atmosphere and that after few hours it started to increase in a 
normal way. The initial decrease of fluorescence intensity 
is expected in this case because the excitation energy is 
quenched by the reaction of the oxygen adsorbed onto the irradiated 
surface, giving anthraquinone.
In the subsequent discussion it is assumed that the 
decrease of fluorescence intensity in the final stage of 
irradiation is due entirely to the photodimerization reaction 
which occurs at the defects produced by the irradiation. This 
assumption is justified by the microscopic observation described 
earlier where the dimer aggregates are found at the elliptical 
spots and some of the cracks produced by the irradiation and 
the dimerization itself.
Earlier Donati et al. (1973) associated the final 
decrease of fluorescence intensity with the increase of dark 
spots at the irradiated surface. This seems to show that the 
decrease of fluorescence intensity is due to the decreasing 
number of fluorescing molecule. This explanation is quite 
reasonable for the thin crystal because an extensive photo-
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dimerization is expected to convert the fluorescing crystal 
into its corresponding non-fluorescing dimer crystal. In the 
case of a thick crystal this is not true because the crystal 
is opaque to the exciting light within the period of irradiation. 
Thus the intensity of the absorbed light is constant throughout 
the experiment. Accordingly the fluorescence intensity should 
remain constant after it has reached a highest value provided 
that the fluorescence efficiency also remains constant.
However the fluorescence intensity of a thick crystal 
was found to decrease on continuous irradiation. The decrease 
of fluorescence intensity is not effected by increase of 
temperature, as a result of the continuous irradiation. This 
is apparent from the observation that when the long irradiation 
(lO hours) was stopped overnight and remeasured the spectrum in 
the following day, using the same conditions, the intensity was 
found to increase between 10 to 20 percent. The decrease of 
fluorescence intensity is also not effected by reabsorption by 
the dimer because the dimer is transparent to the exciting light 
and the fluorescence light. It is therefore likely that the 
decrease of fluorescence intensity is due to quenching process 
induced by the dimer.
The fluorescence quenching process most likely occurs 
at the defects in the vicinity of the dimer aggregates at which 
the excitation energy is trapped and the probability of non- 
radiative energy decay is increased. It may take the form of 
energy conversion to heat or energy conversion to be used by
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the increasing rate of photodimerization reaction. The latter 
is the most likely. Fluorescence quenching by defects in 
anthracene crystal is not a unique phenomenon because Zima and 
Faidysh (1965) have reported a decrease of fluorescence 
efficiency at room temperature from 0.92 to 0.30 when the 
anthracene crystal is grown by sublimation onto a cooled backing. 
Thus fluorescence quenching by the dimer-induced-defects is 
possible.
In conclusion, the discussion so far can be summarized 
as follows:
1. The photodimerization reaction involves an induction 
period during which time pre-existing sites pre­
dominate over new sites produced by irradiation.
2. Following the induction period further defect traps 
are formed and become the dominant fluorescence 
centres. Some of them may act as the sites of photo­
dimerization.
3. The photodimerization at the defect traps will in 
turn induce additional defect traps around the dimer 
aggregates which have the effect of increasing the 
probability of non-radiative energy decay.
From this mechanism, the kinetic of photodimerization may be
derived.
5-4.3 K inetic a n a lysis
The variation of fluorescence intensity discussed 
so far suggests that the photodimerizat.ioii is an autocataly&ia 
reaction in which the dimer aggregates induce additional sites 
for the reaction to proceed. The mechanism of this type is 
common in solid state reaction. Thus, excluding the other 
processes, the photodimerization of anthracene crystals may 
occur through the following steps.
Step 1 CA
*S tep CA
Step 3. (A +
*+ hv ---- > C .A
•* (A + A )d ef
*  NA )def . 1 t A.A + N(A +A) d e f .
Step 1 is the excitation process from ground state crystal
*to the excited state 0^ . The excitation energy is delocalized
in the exciton band. Step 2 represents the fast localization
*process of the exciton from perfect lattice to defect trap
(A +A ) , _ which contai ns a pair of anthracene molecules in del .
which one becomes excited. Step 3 is the photodimerization 
reaction between the excited molecule and the ground state
molecule at the defect trap to produce a dimer A.A .
is
N/number of defects are produced as a result of the dimer 
formation. The subsequent exciton trapping by these defects 
will produce additional dimers and defects, in 1Jne with 
an autocatalysis reaction. is the rate constant of the
pho todimerization r e a c t i o n .
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The activation energy of pliotodimerization of
anthracene crystal has been measured by Beumont (1969), and was
-1found to be in the order of 1200 ± 300 cm . This is close to the 
activation energy of the decrease of fluorescence intensity, 
obtained in the present study, which is in the order of 1100 - 300 
cm ^. This may indicate that the rate of the decrease of 
fluorescence intensity in the thick crystals is proportional 
to the rate of photodimerization. If this is the case, then 
the relative rate of photodimerization on the different crystal 
faces is such that
b e 1 : ab : a_c = 2.3 : 2.3 : 1.0
(The relative rate is obtained from Table 3*6).
The difference of photodimerization rates for the 
different crystal faces can be explained in terms of the intensity 
of the absorbed light. It is known that excitation of the 
anthracene crystal into its first excited singlet state by 
unpolarized light will result in the population of the two 
Davydov states, The transition moments for these excitations 
are polarized along the b-axis and in the _ac plane; the latter 
makes an angle of 43 degrees to the a and c'-axes. The total 
intensity of the absorbed light is therefore expected to be 
equal for excitation on the ab and lbc* faces. This is independent
of•fc-e the angle of the exciting light because the crystals were 
oriented in such a way that the b-axis made an angle of 43 
degrees to the line of grating and the crystal fi.ee normal to the 
optic axis of the monochromator.
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In the case of ac face, the excitation is totally 
polarized along one direction which makes an angle of 45 degrees 
to the a and jc'-axes. In other words, only the upper Davydov 
state is populated, thus the intensity of the absorbed light is 
less in this face than the other faces and accordingly it 
undergoes a slower photodirnerization raction.
The relative rate of photodirnerization on the
different crystal faces is close to the average (^/ ) absorptiona
polarization ratio of anthracene crystal. From the values 
given by Bree and Lyons (1956), the average (^ ° / ) absorption
3.
polarization ratio is estimated to be in the order of 2.55»
This may imply that the quantum yield of photodirnerization is 
independent of crystal faces. However, this correlation is 
subject to the uncertainty in the measured activation energy.
5.5 CONCLUSION
Long term excitation on an anthracene crystal induces 
crystal defects and photodirnerization reaction. Two kinds of 
defect are produced by the irradiation.
1. Surface cracks and
2. Dimer-induced-defects.
Because of the surface cracks, the fluorescence, which otherwise 
originates more or less uniformly from the crystal, is channelled 
through the cracks, resulting in an increase of fluorescence 
intensity from the irradiated surface. At the same time the 
fluorescence polarization ratio drops towards unity.
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After a long time of irradiation, the fluorescence 
intensity decreases in a near exponential manner with an 
activation energy of 1100 - 300 cm  ^. For crystals of 0.3mm 
thick, this is considered to be due to the increasing number of 
dimer-induced defects at which the exciton is trapped and 
consumed for the increasing rate of photodimerization. An 
indication is that the reaction proceeds autocatalytically with 
quantum yield being independent of crystal faces.
In terms of spectroscopic properties of the fluorescence
from the different crystal faces, the polarization ratios at 296K are
in good agreement with theory. The (^ / ), (°/ t) and (a/ ,) •a c c
polarization ratios are found to be 4.8, 2.3 and 0.9 respectively.
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CHAPTER 6
PHOTODIMERIZATION STUDY BY A LOW 
TEMPERATURE FLUORESCENCE TECHNIQUE
6.1 INTRODUCTION
This chapter is devoted to the fluorescence study 
of several varieties of anthracene crystals at liquid helium 
temperature. Since photodimerization of anthracene crystal 
involves crystal defects, the low temperature fluorescence 
spectrum of the crystal may be sensitive to photodimerization 
because the crystal defects are able to trap the delocalized 
exciton and re-emit it as fluorescence (Helfrich and Lipsett, 
1965)• The presence of dimer aggregates will also create 
additional defects which act as new photodimerization sites as 
described in Chapter 5. Because the low temperature fluoresc­
ence bands of anthracene crystal are narrow, it is thus desirable 
to study the phenomenon by a low temperature technique in 
order to detect fluorescence from crystal defects.
The low temperature fluorescence spectrum of 
anthracene crystal has been reported by several workers 
(Sidman, 1965; Shpak and Sheremet, 1964; Lacey and Lyons,
1964; Helfrich and Lipset, 1.96 5; Glöckner and Wolf, 1969;
Munro, Logan, Blair, Lipsett and Williams, 1972; Lyons and 
Warren, 1972; Bridge and Vincent, 1972 and the reference 
therewith). However, there are several features of the 
spectrum still unknown. The fluorescence spectrum of the fresh 
crystal is therefore described first. This is followed by a
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description of the fluorescence spectrum of the photodimerized 
crystals.
6.2 EXPERIMENTAL
Most of the low temperature spectra were photographed 
in the first order on a 3»^m Jarrell-Ash spectrograph- 
spectrometer with a Jarrell-Ash plane grating blazed for 5000 A° 
first order (Cat. No. 35-00-86-3^, 1180 grooves/mm, ruled area 
37 x 135)• The dispersion obtained on the photographic 
plate was approximately 2.3 A°/mm. The spectral lines from a 
Fe-Ne hollow cathode lamp were used as the reference spectrum. 
The microdensitometrie tracing was carried out on a Joyes-Loebl 
double-beam microdensitometer. The 3630 A° light from a high 
pressure mercury lamp was used as the exciting light source 
with a UG 1 Jena glass filter to filter out unwanted radiation.
The instrumental set up was the same as for the room 
temperature fluorescence study but in addition to employing the 
front surface illumination technique, the spectrum of the 
unilluminated surface was also measured by side excitation and
rear excitation techniques. Photoelectric recording was
spöc+ra\employed when measuring a small ¥aitge- cpocirnm of the photo­
sensitive species. In addition laser excitation was employed 
for parts of the study. In such a case the spectrum was 
recorded photo-electrically on a Spex 1700 -5- meter spectrometer, 
with grating (second order) blazed for 7500 A° and using an 
Everett C950 Nitrogen gas laser as the light source and cooling 
the sample by a continuous flow of cooled helium gas.
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Several varieties of anthracene crystals were 
studied including the bjc1 and ac faces. All samples were 
prepared in a nitrogen atmosphere except for the case of 
solution grown crystals which were difficult to grow under a 
nitrogen atmosphere. The crystals were mounted on an 
aluminium strip window by means of a Dunlop liquid adhesive, 
enclosed in a sealed pyrex tube, filled with 710 torr of 
helium gas and then immersed in liquid helium. With this set­
up, crystal damage produced by direct contact with liquid 
helium could be avoided and several crystals could be studied 
for each stock of liquid helium.
The spectrum was recorded after the crystals had 
been cooled for more than 20 minutes. The crystals were then slowly 
taken to room temperature. Irradiation with 3^50 A° light was 
then performed on the crystals for one hour to induce photo­
dimerization. Their low temperature fluorescence spectra 
were then recorded in the same way as for the fresh crystals. 
Irradiation was resumed for another hour after the crystals had 
been returned to room temperature. These operations were 
continued until the crystals had been badly damaged either by 
irradiation or by the repeated cooling and warming operations.
It was found necessary to study the effect of 
annealing on the crystal fluorescence because the above opera­
tions gave rise to an intermediate species for photodimerization 
which was produced at higher temperature and disappeared during 
jphe fluorescence measurement at liquid helium temperature.
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The temperature dependent study was carried out by measuring 
a small region of the spectrum photoelectrically. Sample
crystals were inserted into a silica flow tube through which 
was passed boiled-off helium vapour. Temperature was 
controlled by adjusting the boiling rate of the liquid helium, 
and a copper-constantan thermocouple used to record the 
temperature of the boiled-off helium gas.
The crystals were irradiated with 3630 A° light at 
temperatures ranging from 3K to 170K, and the spectrum in each
i
case was recorded at 3K. At a given temperature, irradiation
was carried out for intervals of 3 to 10 minutes and the 
fluorescence spectrum recorded at the end of each interval.
6.3 RESULTS AND DISCUSSION
6.3.I General description of the fluorescence spectrum of 
pure crystals.
The low temperature fluorescence spectrum of a highly 
pure crystal is very simple with a small number of bands.
Impurity emissions which appear in the spectrum reported by 
the earlier workers are almost absent in most of the spectra 
recorded in the present study. The band width is small, in f h &  
order of 10 cm  ^ to 17 cm ^ , depending on which particular 
band is considered. The typical spectrum of ab face crystal 
is shown in Figure 6.1 taking the vapour grown crystal as an 
example. The spectra of the crystals grown by different 
methods will be described in a separate section. Figure 6.2 
shows the corresponding spectrum of be' and ac face crystals.
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Figure 6.2: Fluorescence spectra of _bc* and
ac faces of pure melt grown anthracene 
crystals at 5K . 1. b e ’ face front surface
excitation; 2. bje' face, excitation on ab 
face; 3» ac face, front surface excitation; 
4. ac face, excitation on ab face.
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Figure 6.2
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The fluorescence origin is completely reabsorbed 
in all the crystals studied and since there is no apparent 
shift of the phonon bands in the fluorescence spectrum of 
different crystal faces, it is reasonable to assume that the 
fluorescence origins are the same for the ab, b e ’ and ac 
face fluorescence. As far as the ab and be* spectra are con­
cerned, the above assumption agrees with the absorption data meas­
ured through their reflection spectra as reported by Marisova
(1967).
Marisova observed that while the absorption origins 
of the ab and be* faces at 20K are the same for both Davydov 
components, the absorption origin of the higher energy Davydov 
component of the ac face crystal is shifted to the red by 
about 15 cm ^ and absorption was not observed for the lower 
energy Davydov component. Since the exciton has a finite 
lifetime, Boltzmann distribution law leads one to expect that 
the exciton will populate the bottom of the exciton band, 
belonging to the lower energy Davydov component, from which 
the fluorescence may originate. In the case of ab face 
fluorescence, Craig and Dissado (1973) theoretically found that 
while absorption occurs at levels within the exciton band, 
fluorescence originates from levels at the lower limit and just 
below the band. It is not known however if the levels below 
the band are the same for the other faces.
The dispersion curves of the exciton bands of 
anthracene crystal have been calculated by Davydov and Sheka 
(1963) for the wave vector parallel to the a, b and c ’ directions.
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Their result apparently indicates that if the fluorescence 
originates from the bottom of the exciton band, corresponding 
to exciton wave vector k ^ 0, the origin of the ac face fluoresc­
ence should be blue shifted from the origin of the ab and be* 
face fluorescence. The shift would not be observed if the 
fluorescing states correspond to wave vector k = 0. However 
the present experimental results do not agree with the 
theoretical view of Davydov and Sheka because the fluorescence 
origin is the same for ab, b e 1 and ac faces and the fluorescence 
apparently originates from the states of wave vector k ^ 0.
The latter will be briefly discussed in section 6.3»3*
Taking the strongest vibrational band of the 
fluorescence spectrum as due to l403 cm  ^ a^ vibration, the 
fluorescence origin is located at 25093 * 1 cm ^ (in vacuum). 
The 1403 cm  ^ vibration was fitted from the recent Raman data 
reported by Rasanen, Stenman and Eeva Penttinen (1973)« This 
agrees very well with the value obtained by Bridge and Vincent 
(1972) who located the origin at 25093 cm ^ , calculated from 
their Raman data of the anthracene crystal. This is also 
close to the absorption origin measured through the reflection 
spectrum which was found to be located at 25095 cm  ^ (Marisova, 
1967) and 25096 X 6 cm ^ (Morris and Sceats, 1974)« The 
fluorescence band at energy higher than 25095 cm  ^ was not 
observed in the present study. The position of the origin is 
consistent for all the crystals studied and the vibrational 
bands are also consistent within ± 2 cm
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The spectral features of the fluorescence from ab, be * 
and ac faces are nearly the same depending on which particular 
excitation technique is employed. If the fluorescence of the 
illuminated face (front face excitation) is recorded, the 
fluorescence bands of the be' and ac faces are about 2-3 times 
broader than the corresponding bands of the ab face fluorescence 
as is apparent from Figure 6.1 and 6.2. Their intensities are 
also very much weaker than the fluorescence intensity of the 
ab face spectrum because of the smaller light absorption on the 
be' and ac faces. While the intensity of the 25049 cm  ^ band 
relative to the 24703 cm ^ band is nearly the same for ab and 
b e ’ face fluorescence, the corresponding relative intensity is 
reduced in the ac face fluorescence. This is also the case for 
the intensity of the 24834 cm  ^ band relative to the 24703 cm  ^
band.
The fluorescence bands of the ab, b e 1 and ac faces 
fluorescence are equally sharp when the be' and ac faces 
fluorescence are measured by exciting the ab face (side 
excitation). The intensity of the be' and ac face fluorescence 
is increased when the fluorescence is measured by the side 
excitation technique. However the bands at energy greater 
than 24853 Jem ^ are strongly reabsorbed as is apparent from 
Figure 6.2. A similar reabsorption also occurs in the ab 
face fluorescence when measured by rear excitation technique.
Having located the fluorescence origin at 25095 ± Jem ^ , 
the fluorescence bands were measured from the origin and are
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listed in Table 6.1. The bands measured by Lyons and Warren 
(1972) are also listed Tor comparison. The bands are assigned 
Trom their polarization property, and the Raman data reported 
by Rasanen et al. (1973) are used as a guide.
For several of the crystals studied, the polarization
ratio of the fluorescence bands show interesting variations.
This is shown in Tables 6.2a, 6.2b and 6.2c which correspond
respectively to fluorescence spectra of ab, b e 1 and ac face
crystals. The bands of energy greater than 24940 cm  ^ are
more polarized than those of lower energy. These have been
classified by the earlier workers as phonon bands (Lacey and
Lyons, 1964; Glöckner and Wolf, 1969; Lyons and Warren, 1972;
Bridge and Vincent, 1972). The (b/ ) polarization ratio ofa
the phonon bands is greater than 20 while the corresponding 
ratio of the vibrational bands is less than 8 . The ("^ / f ) 
polarization ratio is smaller than the (^/ ) ratio but slightly
ci
higher than the (a/ ,) ratio. This correlation is true for 
both phonon bands and vibrational bands.
The variable ( / ) polarization ratio obtained ina
the present study is consistent with Lyons’ and Warren's 
result (1972) who described the inconsistency in polarization 
ratio as due to the sample crystal itself rather than experi­
mental error. This should also be the case for ("k/ , ) and
( / ,) polarization ratio. The ( / ^ ) ratio of the vibrational 
bands is higher than the value predicted by McRae (i960).
According to McRae the polarization ratio of the vibrational
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TABLE 6.1
Fluorescence bands of the purest vapour grown anthracene 
crystal at 5k.
(Notation: ph, phonon; X, defect trap emission; 0,
impurity emission; vs, very strong; s, strong; m, medium; 
w, weak; vw, very weak, sh, shoulder; vie, variable; 
sd, sample dependent).
• __________________________ _
Band position Different from origin Assignment
(cm”-*-, vacuum) ------------------ - ------
and intensity. Lyons and
Warren
(1972) from 
25103 cm”1 .
This
Work
25095 0 0 Effective origin 
(reabsorbed).
25073 vie 22 ph 22 22 ph
25049 vs 46 ph. 46 46 ph
25034 vs 6l ph 6l 6l ph
25018 sh 77 ph 77 77 ph
24987 w 46-61 ph 108 108 ph
24972 w 127 ph 123 123; 6l x2-l ph
24965 m 133 ph 132 132 ph
- 138 ph - -
24901 w 194 194 0^ origin
- 194-43 Ph - -
24848 sd - 247 origin
24834 sd - 261 X 2 origin
24818 sd - 277 X 3 origin
24703 vs 391 alg 392 392 a. fundamental.lg
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- 391-27 - -
24657 m 391-48 438 392-46
24621 VW 391-81 474 392-82
24583 VW - 512 392-123 + 3
24573 VW 391-129 522 392-132 + 2
24474 s 622 a, lg 621 621 a n fundamentallg
24456 wsd - 639 392
24426 wsd - 669 origin
24352 VW 746 743 0g origin
24343 m 752 751 751 a n fundamentallg
24311 m 785 784 2 x 392
24232 V W - 863 2 x 392 - 77 - 2
24223 VW - 872 751 - 123 + 2
24180 VW - 915 2 x 392 - 132 + 1
24165 w 933 930 0o origin 9
24119 VW 09 45 ph 976 0^ - 46 ph
24088 m 1007 a_ lg 1007 1007 a fundamentalJ- 0
24082 vwsh 391-622-5 1013 392 - 621
24044 VW
1021 o 10
1051 1007 - 4 6 + 2
24011 VW - 1084 3 x 392 + 2
23977 VW 391-752-3 1118 0g 375
- 1161 - -
23932 VS 1165 a,lg 1163 II63 a, fundamental lg
- 1169 - -
23908 w II65-23 1187 1187 b, fundamental 3g
23987 w 1165-42 1208 1163 - 4 6 + 1
23835 V S 1260 a, lg 1260 1260 a, fundamental lg
132 .
- 1 1 6 5 - 1 0 3 - -
- 1 2 6 0 - 2 3 - -
2 3 7 8 9 w 1 2 6 0 - 4 6 1 3 0 6 1 2 6 0  -  4 6
- 1 2 6 0 - 7 9 - -
2 3 7 3 0 W 1 3 4 8 1 3 4 3 1 2 6 0  -  85
2 3 7 2 0 vw 1 3 7 7 1 3 7 3 6 2 1  -  7 5 1  -  3
2 3 6 9 2 v s l 4 0 4  a ^ 1 4 0 3 l 4 0 3  a.^ f u n d a m e n t a l
2 3 6 8 1 w 1 4 1 5  b ,
>g 1 4 1 4
l 4 l 4 b ,  f u n d a m e n t a l
? g
- 1 4 0 4 - 2 3 - -
2 3 6 4 7 m 1 4 0 4 - 4 3 1 4 4 8 1 4 0 3  - 4 6 + 1
2 3 6 3 2 vw i 4 o 4 - 5 8 1 4 6 3 1 4 0 3  - 6 1 + 1
2 3 6 1 1 w i 4 o 4 - 7 9 1 4 8 4 1 4 0 3  _ 7 7 _ 4
2 3 3 9 0 w 1 5 0 6  a_
1 S
1 5 0 6 1 5 0 3  f u n d a m e n t a ll g
2 3 3 4 0 v s 1 3 3 8  a
l g 1 3 3 3
1 5 3 3  a ,  f u n d a m e n t a l
l g
- 1 3 3 8 - 2 3 - -
2 3 4 9 3 w 1 5 5 8 - 4 4 1 6 0 0 1 3 3 3  - 4 6 + 1
- 1 6 0 2 — —
( 0  1 4 0 9 )
2 3 4 6 9 vw 1 3 3 8 - 7  ^ 2 1 - 1 0 0 7 1 6 2 6 6 2 1  -  1 0 0 7  -  2
2 3 4 6 3 m 1 6 3 0 1 6 3 0 I6 3 O  b 0 f u n d a m e n t a l
3 g
2 3 4 4 4 s d 1 6 5 0 1 6 5 1 X l 4 0 4
2 3 4 1 8 s d - 1 6 7 7 1 4 0 0
2 3 3 0 0 s 3 9 1 - 1 4 0 4 1 7 9 3 3 9 2  -  1 4 0 3
2 3 2 8 9 w 3 9 1 - i 4 i 4 1 8 0 6 392- -  i 4 l 4
2 3 2 3 4 w 3 9 1 - i 4 o 4 i 4 6 1 8 4 1 3 9 2  -  1 4 0 3  -  4 6
2 3 2 4 2 vw - 1 8 3 3 3 9 2  -  1 4 0 3  - 6 1 + 3
2 3 2 2 1 vw - 1 8 7 4 3 0 2  -  1 4 0 3  -  77  -  2
2 3 1 4 7 w 3 9 1  -  1 3 3 8 1 9 4 8 3 9 2  -  1 5 5 5  -  1 / 2  X  3 9 2 -
1 3 3 .
2 3 1 0 2 V W - 1 9 9 3 392 -  15 3 3  - 4 6 + 1
2 3 0 8 1 w - 20 1 4 2 x  1007
2 3 0 7 1 w 6 2 2 - i 4 o 4 20 2 4 621 -  14 0 3
2 3 0 3 4 V W - 2061 2 x  1007 -  46 -  1
2 2 9 4 1 V W - 215 4 731 -  i 403
2 2 9 2 4 V W - 2171 1007  -  1 1 6 3  -  1
2 2 8 4 6 V W - 2249 3 x  392 -  1 1 6 3
2 2 8 2 7 V W - 2268 1007  -  1 2 6 0  + 1
2 2 7 6 5 V W - 23 3 p 2 x  1 1 6 4  +  2
— V W (3 9 1 -7 5 2 -1 0 0 7 + 2
o r
0^ 3 7 1 x 2 - 1 4 0 9 - 3)?
0 o l 4 l 8 ?  
9
2 2 6 8 5 V W i o o 7 - i 4 o4 - i 2410 1 0 0 7 - 1 4 0 3
2 2 6 7 5 V W 1 1 6 5 -1 2 6 0 + 1 2420 I I 6 3  -  1 2 6 0  +  3
2 2 5 8 0 V W 2 x 1 260+ 9 2513 2 x  126 0  +  5
2 2 5 2 9 m l l 6 5 - l 4 0 4 - 2 2376 1 1 6 3  -  1 4 0 3
2 2 4 8 5 vin - 26 1 0 1 1 6 3  -  1 4 0 3  - 4 6 + 2
2 2 4 3 1 in 1 2 6 o - i 4 o4+2 26 6 4 1 2 6 0  -  1 4 0 3  -  1
2 2 3 7 3 w 1 1 6 5 - 1 5 5 8 + 1 27 2 0 1 1 6 3  -  15 3 3  -  2
2 2 3 4 6 V W - 2749 1 2 6 0  -  1 4 0 3  - 8 5 - 1
2 2 2 8 8 s t 2 x l4 o 4 + 3 2807 2 x  1 4 0 3  -  1
2 2 2 8 3 m 1 2 6 0 - 1 5 3 8 + 3 2812 1 2 6 0  -  1 3 3 3  + 3
2 2 2 4 4 V W 2 x i 4 o 4 - 4 6 2831 2 x  1 4 0 3  - 4 6 + 1
2 2 2 2 8 V W - 2867 2 x 1 4 0 3  -  61
2 2 2 0 8 V W - 2887 2 x  1 4 0 3  -  77 -  3
- 1 4 0 4 - 1 3 0 3 - -
2 2 1 3 8 m 1 4 0 4 - 1 5 3 8 + 3 2937 1 4 0 3  -  1 3 3 3  -  1
2 2 0 8 8 w - 3004 1 4 0 3  -  1 5 5 5  -  46
2 2 0 6 2 V W - 3033 1 4 0 3  -  1 5 3 3  -  77
2 1 9 7 9 V W 3116 2 x  153 3  -  6
TABLE 6.2a
Id( / ) polarization ratio of the strong3.
fluorescence bands at 5k.
Bands from t^e 
origin, cm
Polarization ratio
l 2 3 4 3 Average
22 30.0 - - - - 30.0
46 27.O 29.0 31.0 21.2 25.1 26.7
6l 17.0 19.8 19.2 13.6 19.6 18.2
133 12.2 12.7 13.6 9.1 8.0 11.1
247 - 10.9 - 8.3 4.1 7.8
261 - 10.2 - 8.1 4.1 7.4
277 - 9.8 - 7.5 3.2 6.8
392 8.0 7.9 7.3 6.7 3.4 6.7
1163 3.0 7.2 6.3 4.8 3.0 3.7
1260 4.8 3.3 4.0 3.7 3.0 4.6
1403 4.7 3.8 3.2 3.0 4.8 4.3
1535 3.7 4.6 6.3 3.4 4.0 4.8
1630 1-3 2.0 1.0 1.6 1.3 1.3
TABLE 6.2b
(b/ ,) polarization ratio of the strong 
fluorescence bands at 5k.
Bands from |he 
origin cm
Polarization ratio I, ,
b/i ,c '
1 2 3 Average
22 4.3 — — 4.3
46 4.0 6.3 6.1 5*5
6l 3.0 - - 3.0
133 2.7 - - 2.7
247 - -  , - -
261 1.9 2. 1 2.3 2.1
277 - - - -
392 1.4 1.4 1.3 1.4
1163 1.8 1.3 1.2 1.3
1260 1.7 i. 5 1.2 1.3
1403 1.3 1.3 1.2 1.3
1535 1.4 1.2 1.2 1.3
1630 0.3 0.7 0.3 0.3
TABLE 6.2 c
(a/c,) polarization ratio of the strong 
fluorescence bands of ac face anthracene 
crystal at 5k.
Band from ther T->-j 1
(a / -,). Polarization ratio
o r i g i n , cm 1 2 Average
22 — — —
46 0.8 - 0.8
6l - - -
133 - - -
247 - - -
261 0-6 - 0.6
277 - - -
392 0.3 1.0 0.65
1163 - 1.0 1.0
1760 0.8 0.8 O' 8
1403 0.8 0.8 0.8
1555 0.8 0.9 0.85
1630 0.8 0.9 O.85
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bands of the anthracene crystal fluorescence should be nearly
equal to the corresponding ratio of the absorption spectrum.
The (^/ ) polarization ratio of the vibrational bands of the a
absorption spectrum of anthracene crystal is within the range 
of 2.48 to 4.1 depending on which particular band is considered 
(Bree and Lyons, 1956), while the average corresponding polariza­
tion ratio in the fluorescence spectrum is about 5*2. However
the latter is close to the / ) absorption polarization valuea
when the absorption is measured from polarized reflection spectra.
Morris and Sceats (1974) have measured the reflection spectra
of anthracene crystal at 77K and found the (^/ ) polarizationa
ratio to be 4.5 over the total transition.
6.3.2 Vibrational analysis
In a molecule containing n atoms, there are (^n-6) 
molecular vibrations to be expected. Thus anthracene 
molecules of symmetry should have 66 molecular vibrations
distributed among the following vibrational modes:
12alg + 5alu + 6blg + 6blu + 4b2g + llb2u
+ lib. + lib- ?>S 3u
Since fluorescence originates from the A and B excitedu u
electronic state, the transition to the a , b, b- and b^u lu, 2u 3U
vibrational states is forbidden. This leaves 33 allowed
vibrations in the fluorescence made up of 12a1 , 6b , 4b
and llb^ vibrations.3 g
The totally symmetric a.^  vibration is polarised
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along- the short-in-plane molecular axis (M-axis) , the b3S
vibration is polarized along the long-in-plane molecular axis 
(l-axis) and the b and b are both polarized perpendicular
o  ^  o
to the molecular plane (N-axis) and correspond to out-of-plane 
molecular vibration.- The 12 fundamental-in-plane molecular 
vibrations of a mode are made up of 3CH stretching, 2CH_L g
bending and 7CC stretching and bending. The corresponding 
in-plane molecular vibrations of b mode are made up of 2CH 
stretching, 3CH bending and 6CC stretching and bending. In the 
case of out-of-plane molecular vibrations, the 4 fundamental 
vibrations of b-.^  mode are made up of 2CH bending and 2CCC 
bending and the 6 fundamental vibrations b p mode are made up 
of 3CH bending and ycCC bending. All the predicted vibrations 
have been measured by Rasanen et al. (1973) by means of very high 
resolution Raman spectroscopy and the assignment was also 
given by them except for the CH stretching vibrations.
Because of different directions of polarization 
for the different vibrational modes, the vibrational bands of 
the fluorescence spectrum of anthracene crystal may be assigned 
from their polarization property. This can be done by 
comparing the polarization ratio of the oriented gas modal 
with the measured value. The ratio for the oriented gas modal 
are listed in Table 6.3 for the three different directions 
of polarization.
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TABLE 6.3
The oriented gas polarization ratio of intra­
molecular vibrational modes in anthracene 
crystal, calculated from the crystal data 
determined by Mason (1964) at 9OK.
Vibrational Polarization ratio
Modes V' a V/c' a/'c*
alg 8.73 7.79 0.89
b 3g 0.07 0.02 0. 36
b 2g 0.28 1.01 3.68
blg 0.28 1.01 3.68
From this table, it is evident that the totally symmetric 
(a^g) vibration is strongly b-polarized while the b ^ 
vibration is strongly polarized along the a and c* axes and 
the and b^ vibrations are strongly polarized along a-
axis.
The vibrational analysis is further assisted by 
the fact that the electronic transition moment of the emitter 
molecule lies within the plane of the molecule and is inclined 
by a few degrees from the short molecular axis (Akon and Craig, 
This would allow the b„ vibrations to be observed3g
in the fluorescence spectrum with intensity much weaker than 
the a vibrations. Accordingly, the b and b vibrations
J_ g  -*-b
i4o.
are expected to be inactive in the fluorescence because their 
vibronic transition moment is polarised perpendicular to the 
direction of the electronic transition moment of the emitter 
molecule. From these generalizations, the vibrational bands 
in the fluorescence spectrum of anthracene crystal are assigned 
as listed in Table 6.1.
Theoretically, the molecular vibration is split in 
the crystal, this splitting being governed by the factor group
symmetry of the crystal. In anthracene crystal of symmetry,
the factor group is C ^ and accordingly each of the molecular
vibrations is split into two corresponding to a and b
S S
vibrations. However, the splitting is very small ranging 
from 2 to 4 cm ^ as observed by Rasanen et al. (1973)»
Because of the small splitting and the broad vibrational bands 
in the fluorescence spectrum, the splitting has not been 
observed in a low temperature fluorescence spe ctrum. This is 
apparent from the vibrational assignment of the anthracene 
crystal fluorescene.spectrum, reported by the earlier workers, 
which follows a symmetry classification (Lyons and
Warren, 1972; Bridge and Vincent, 1972). An exception to 
this is the assignment of l4o4 cm  ^ and l4l5 cm ^ vibrations 
by Lyons and Warren who suggested that these correspond to split 
molecular vibrations of ajg and b symmetry respectively. The 
splitting is not observed in the present study except in the 
vibration of the impurity emission which will be described in 
section 6.3*4.
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A recent Raman spectrum measurement on anthracene 
crystal by Rasanen et al, (1973) has shown that there is no 
molecular vibration present at energy less than 236 cm ^ . The 
fluorescence bands of energy higher than 24859 cm ^ (25095 - 236) 
are therefore assigned as phonon bands, impurity bands or 
defect bands. The phonon bands can be distinguished from the 
impurity and defect bands because the phonon bands are broader 
and appear also in combination with the vibrational bands. It 
is evident from the Raman spectrum of anthracene crystal 
measured by Suziiki, Yokoyama and Ito (1968), Bridge and 
Vincent (1972) and Rasanen et al. (1973) that there should not 
be any strong vibrational band in the fluorescence spectrum 
above 24703 cm ^ . The Raman spectrum shows that the 
vibrations of energy less than 392 cm ^ (25095 - 24703) are 
non-symmetric. Two of these vibrations have energies of 
242 cm  ^ and 284 cm ^ which correspond to b and b CCC
fc> ^  O
bending out of plain vibrations respectively (Rasanen et. al. 
1973)» Another vibration with energy in this region is the 
388 cm  ^ b vibration (Neto, Scrocco and Califano, 1966).
J o
Therefore, the strong sample-dependent bands at 247 cm and 
277 cm  ^ below the origin are assigned as defect bands. This 
will be described in section 6.3»5-
The vibrational assignments of the present study 
generally agree with the assignment of Lyons and Warren (1972) 
as shown in Table 6.1. There are a few modifications however 
that need to be made to their assignment. The most obvious 
is that of the weak band at 1187 cm below the origin which
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was assigned by them as the 23 cm phonon sideband of the 
II65 cm  ^ a vibration. In the present study, this band 
is best assigned as 1187 cm  ^ b^ fundamental vibration 
because of its strong a-polarization as shown in Figure 6.1. 
The 22 cm ^ phonon is very weak in the particular spectrum 
and it does not appear in combination with other vibrational 
bands. Therefore, the present assignment is the most likely. 
Moreover, Raman scattering measurements also show the presence 
of II87 cm ^ b^ vibration in anthracene crystal (Suzuki et 
al. 1968; Rasanen et a l ., 1973)» In fact Bridge and
-1
Vincent (1972) have assigned this band as the 1187 cm-1
fundamental vibration from its correlation with their Raman 
data.
Lyons and Warren did not assign the weak band at 1377
-1cm from the origin. In the present study, this band appears 
as a weak shoulder at 1375 cm ^ from the origin and it may 
correspond to (621-751) a overtone band. This band is
O
equally polarized as the other a^ vibrational bands to 
associate it with the 1376 cm ^ b^ vibration observed in 
Raman spectrum (Rasanen et al., 1973)»
Another band which could not be assigned by Lyons and 
Warren (1972) appears weakly at 13^+5 cm  ^ below the origin. 
Earlier Glöckner and Wolf (1969) assigned it as a fundamental 
vibration, but it has not been detected in the Raman spectrum 
except in a very high resolution spectrum reported by 
Rasanen et al. (1973)- In view of its weakness and breadth,
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the band at 1343 cm from the origin is likely to be due to
the 83 cm  ^ phonon sideband of the 1260 cm ^ a vibration.1- g
This phonon transition is not observed near the origin 
possibly because of low resolution of the spectrum in this 
region. However, the Raman spectrum suggests that there 
should be two phonon transitions with energy at 70 cm ^ and 
82 cm  ^ (Suzuki et al., 1968). In fact the 83 cm ^ phonon 
is observed in the spectrum that shows an intense background 
fluorescence near the origin as is apparent from Figure 6.13. 
Therefore the 1343 cm ^ band is assigned here as the 83 cm ^ 
phonon sideband of the 1260 cm ^vibration.
All the strong vibrational bands have a strong 
polarization along b-axis except the band appearing at 1630 
 ^ from the origin which is a-polarized as is apparent incm
-1Figure 6.1. The 1630 cm band must therefore correspond to 
1630 cm ^ b^ vibration which is in agreement with the earlier 
results (Lyons and Warren, 1972; Bridge and Vincent, 1972). 
The other strong vibrational bands correspond to totally 
symmetric a^ vibrations.
In all, we expect 12 a^ fundamentals, 3 fundamentals 
with energies above 3000 cm  ^ and corresponding to 3CH 
stretching, and 9 fundamentals with energies below l600 cm 
(Krainov, 1964). Taking all the b-polarized bands which 
could not be matched with the phonon sidebands or the vibra­
tional overtone bands and which appear below l600 cm  ^ as the
a., fundamentals, we are left with 8 an fundamental vibrations, lg lg
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These vibrations occur at 392 cm ^ , 621 cm L , 751 cm ± , 1007 cm 1 ,-1 -1 -1
II63 cm ^ , 1260 cm 1 , 1403 cm 1 and l4l4 cm 1 from the origin.-1 -1 -1
There are two additional b-polarized bands appearing at
1505 cm ^ and 1555 cm  ^ from the origin which have been assigned
by the earlier workers as a, fundamental vibrational bands1S
(Lyons and Warren, 1972; Bridge and Vincent, 1972; Suzuki 
et al,, 1968; Rasanen et. al., 1973)* This leads to 10 a 
fundamental vibrations having energies below l600 cm ^ instead 
of 9 as predicted. Therefore one of the vibrations must
correspond to a different symmetry or to an overtone vibration.
-1 -1The latter matches the 1505 cm and 1555 cm vibrations whose 
energy corresponds to 2 x 751 cm ^ and (392 - 1163) cm ^ respect­
ively. However the 1505 cm ^ vibrational band is narrower than 
the 751 cm  ^ vibrational band and its intensity is too great 
to assign it as 2 x 751 cm  ^ overtone band. Similarly, the 
1555 cm  ^ vibrational band is too strong to assign it as the
(392 - 1163) cm ^ overtone vibration. Therefore the earlier
-1 -1assignment of the 1505 cm and 1555 cm vibrational bands as
a. fundamental should be correct. This leaves us with thelg
possibility that one of the bands corresponds to a different 
symmetry.
Suzuki et al. (1968) have assigned the 392 cm ^
vibration as non-symmetrie b^ fundamental from their Raman 
data. However its strong b-polarization in the fluorescence 
spectrum does not support such an assignment. In fact 
Bridge and Vincent (1972) and Rasanen et al. (1973) later
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proved from their Raman data that the 392 cm ^ vibration is 
in fact totally symmetric. It is therefore beyond doubt that 
the 392 cm  ^ vibration must correspond to totally symmetric 
a^ fundamental vibration. The vibrations having their 
energies at 621 cm , 751 cm ^ , 1007 crji ^ , II63 cm  ^ and 1260 cm
are also totally symmetric which is in agreement with the 
earlier fluorescence data and Raman data (Lyons and Warren,
1972; Bridge and Vincent, 1972; Suzuki et al. 1968 and 
Rasanen et al. 1973)«
The II63 cm ^ alg vl’Drall°n Is split in the crystal
into a and b modes under the C p, factor group symmetry g g <^ n
(Rasanen et al. 1973)- The a mode is of energy II63 cm ^
S
and the b mode is of energy II7I cm  ^ in the Raman spectrum &
reported by Rasanen and his co-workers. In fluorescence, Lyons
and Warren observed a weak band at 1169 cm  ^ from the origin
which may correspond to the b component of the split molecularS
vibration in the crystal. The splitting is not observed in
the present study but the 1163 cm vibrational band always
&appear^narrower than the other vibrational bands.
With the assignment of 8 a fundamental vibrations 
with energies below l600 cm ^ , we need another a^ fundamental 
vibration with energy around this region. This may be chosen 
from the l403 cm ^ and l4l4 cm  ^ vibrations. The l403 cm ^
vibration is chosen here as the a fundamental vibration 
because of its high intensity. Thus the l4l4 cm  ^ vibration
should correspond to a fundamental vibration of a different
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symmetry, most likely b as suggested by Lyons and Warren (1972) 
and from Krainov’s (1964) prediction that there should be two
molecular vibrations of energy 1 3 9 6  cm-1 one a, and the lg-1other b ^ .  A similar assignment of the l4l4 cm vibration 
has also been made by Small (l970) from the polarised 
absorption and fluorescence spectra of anthracene dissolved in 
p-terphenyl. However Rasanen et. al. (1973) assigned it as 
a 3 vibration from their Raman data, locating the b^ vibrationlg 3g
at 1 3 7 6  cm-1 Both, 1376 cm ^ and l4l4 cm , vibrations are
b-polarized in the fluorescence spectrum. Since the 1376 cm-1
-1vibration seems to match the (6 2 1 -7 3 1 ) cm overtone vibration,
it seems likely that the l4l4 cm ^ vibration is due to b_3g
fundamental vibration as suggested by Lyons and Warren (1972).
Its strong b-polarization was explained by Lyons and Warren
as due to vibrational splitting in which only the a component&
is detected in the spectrum.
6.3.3 Phonon sidebands
AOIn^anthracene crystal, which contains 2 molecules per 
unit cell, 12 classes of lattice vibration are expected, 9 of
rU*'which belong to/optical branch and 3 belong to^ acoustical 
branch. Out of the 9 classes of optical phonon, 3 correspond 
to translational vibration and 6 correspond to rotational 
vibration. Only the latter vibrational mode is expected to 
be active in the Raman and the fluorescence spectrum of the 
crystal. Suzuki et al. (1 9 6 8 ) have measured the phonon 
energy of the anthracene crystal at 4.2K by Raman spectroscopy. 
Their result is listed in Table 6.4 for comparison with the
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phonon energy measured from the fluorescence spectrum of 
anthracene crystal at the same temperature.
TABLE 6,4
The phonon energy of anthracene crystal 
at 5K.
From fluorescence spectrum 
in cm"'*'
From Raman spectrum 
(Suzuki et al. 1963)
Glöckner 
and Volf
(1969)
Lyons & 
Warren
(1972)
This. 
V 0 rk
16.4 — — —
23.3 22 22 -
46.2 46 46 49
61.O 6l 6l 36
76.0 77 77 70
- - 83 82
- 107 108 -
- 127 123 -
134 133 132 132
- 138 - i4o
175 - - -
The phonon bands appearing in the fluorescence 
spectrum of anthracene crystal are found to have the following 
properties.
1. They are strongly b-polarized. Their polarization ratios 
are greater than the polarization ratio of the vibrational bands 
as shown in Table 6.2
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2. The phonon energy observed in the fluorescence spectrum 
is different from that observed in the Raman scattering 
spectrum as shorn in Table 6.4.
3. The intensity of the 22 cm  ^ phonon is sample dependent
as shown in Figure 6.3» The thick ab face melt-grown crystals 
always show an intense and well resolved 22 cm  ^ phonon while 
the thin vapour grown and solution grown crystals show a weak 
and unresolved 22 cm  ^ phonon except when the spectrum also 
shows strong impurity bands. Crystals of undefined face 
(crystals in the zone refining tube) also shows a weak and 
unresolved 22 cm  ^ phonon band. The energy of the lowest 
energy phonon varies from 22 cm  ^ to 27 cm ^ , but is mostly 
near 22 cm ^.
4. The relative intensities of the individual phonon bands 
are dependent on the intensity of the exciting light as shown 
in Figure 6.4. Under a low exciting light intensity, for 
instance the light of a high pressure mercury lamp, the
46 cm  ^ phonon appears as the strongest phonon band while an 
intense laser excitation increases the intensity of the higher 
energy bands. The integrated intensity of the phonon bands 
is also reduced relative to the integrated intensity of the 
392 cm  ^ vibrational band when the intensity of the exciting 
light is increased. The actual dependence is unknown 
however, because the intensity of the exciting light was not 
measured in the experiment.
Figure 6.3: Fluorescence spectra of anthracene
crystals of different purity and different
methods of crystal growth. A - pure vapour
grown crystal; B - pure melt grown crystal;
C - impure vapour grown crystal containing 0^,
0o , 0_ and 0 n_ impurity; D-impure vapour o y
grown crystal containing 0 o, 0o , 0 _ , 0 1o, N.3 O y ±*- ±
and N impurities. Note the disappearance of 
22 cm phonon (23073 cm band) in the pure 
vapour grown crystal, 
recorded at 3K.
The spectra were
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Figure 6.3
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Figure 6.4: Phonon and deformation bands
of anthracene crystal fluorescence at 5K.
The dependence on exciting light intensity.
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5. The phonon bands are strongly reabsorbed when the 
fluorescence is measured from the face that is not directly 
excited. This is shown in Figure 6.2.
The appearance of strong phonon bands near the 
origin of the fluorescence spectrum of anthracene crystal 
seems to indicate that the fluoresence originates from a 
local state of narrow band width. This interpretation is 
adopted from the generalization proposed by Hochstrasser and 
Prasad (1972) who stated that "the phonon sidebands arise 
because of a local coupling with the electronic excitation, 
and as the electronic excitation becomes more and more 
delocalized (with the increase of the exciton band width) the 
local effect becomes more smeared out". The local state 
arises because of intrinsic pertubation in the lattice as a 
result of molecular excitation in the crystal (Bridge and 
Vincent, 1972). The pertubation is of the form exciton- 
phonon coupling whose exchange energy term is a function of 
molecular orientation. Similarly Craig and Dissado (1973) 
theoretically found that while absorption in a thin anthracene 
crystal occurs within the exciton band, fluorescence will 
originate from discrete levels just below the band. The 
population of fluorescing levels is assisted by exciton-phonon 
coupling following the primary absorption. The closer the 
fluorescing levels are to the band, the narrower will be the 
fluorescence band and accordingly prominent phonon bands are 
expected to appear in the spectrum.
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Following this theory, fluorescence therefore 
originates from the levels of wave vector k f Q f 0, where 
Q is the wave vector of the absorbing levels and is equal to 
the wave vector of the exciting light. The required con­
servation of quasi-momentum is obtained by invoking a phonon 
contribution of wave vector q where Q = k + q. Because of 
the necessary exciton-phonon coupling for the fluorescence to 
occur, phonon transition is observed in the fluorescence 
corresponding to wave vector q ^ 0. This explains the 
deviation of phonon energy observed in the fluorescence 
spectrum from that observed in the Raman scattering spectrum 
because the latter phonons correspond to phonons of wave vector 
q = 0.
The non-correspondence between the wave vector of 
the phonon transition in fluorescence and Raman scattering has 
been adopted by Lyons and Warren (1972) to explain the 
appearance of 22 cm  ^ "anomolous" phonons in the low temperature 
fluorescence spectrum of anthracene crystal. Bridge and 
Vincent (1972) on the other hand believed that the 22 cm 
phonon is due to contribution from acoustic phonon of non-zero 
wave vector. In contrast to the earlier observations by 
other workers, the intensity of the 22 cm  ^ phonon band is 
found to be sample dependent (property 3 )• A strong and well 
resolved 22 cm ^ phonon is always associated with the crystals 
showing intense impurity emission and with the thick crystals 
not grown from vapour.
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It is quite peculiar that the fluorescence spectra 
of pure vapour grown crystals, that have been reported by 
Shpak and Sheremet (1964), Glöckner and Wolf (1969)» Lyons and 
Warren (1972), always show a strong and well resolved 22 cm  ^
phonon while crystals of about the same thickness studied 
here do not show an equally strong 22 cm ^ phonon transition.
It is not known however if their crystals were not sufficiently 
pure. Considering that melt grown crystal is expected to 
contain a high concentration of defects (Corke et al. 1966;
Williams & Thomas , 1967), and that the appearance of 22 cm 1 
phonon transition in the crystals is always associated with a 
high concentration of impurity, the 22 cm phonon transition 
seems to be related to physical defects produced during the 
crystal growth or by the impurity.
This shows that the ’anomalous* 22 cm ^ phonon does 
not belong to the same group as the other phonons observed in 
the fluorescence spectrum. Because of its apparent dependence 
on physical defects perhaps Glöckner and Wolf (1969) correctly 
assigned the so-called "anomalous" 22 cm ^ phonon as a defect 
trap. However they failed to make any distinction between 
the possibilities of its being either a phonon or a defect 
trap.
The 22 cm  ^ phonon also appears in the localised 
mode corresponding to the phonon sideband of the impurity 
emission. Its intensity is low however and it appears only 
as a shoulder to the 46 cm ^ localized phonon mode. Because
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of its appearance in the localized mode, the so-called "anomalous" 
22 cm  ^ phonon is actually a phonon instead of a defect trap, 
but its intensity contribution to the spectrum is assisted by 
a defect.
A somewhat similar observation has been reported by 
Kopelman et al. (1972) in the Raman scattering spectrum of
naphthalene-dg crystal where the appearance of 40 cm ^ phonon 
at 100K could not be matched with the q = 0 lib rational 
phonon. They believed that the 40 cm ^ phonon is induced by 
the defect because of the presence of a natural abundance of 
isotopic impurity molecules. A similar effect may be 
responsible for the appearance of a strong 22 cm ^ phonon in 
the fluorescence spectrum of anthracene crystal except that 
the defect is not necessarily induced by impurity because the 
phonon band is quite strong in the pure melt grown crystal.
Phonon dispersion curves for anthracene crystal in 
the b-direction have been calculated by Pawley (1967) where no 
optical phonon appears to be present below 44 cm ^ for a large 
range of wave vector. Since the phonon distribution curves 
observed in the fluorescence spectrum of ab, be* and ac faces 
are different only in their intensity, it is reasonable to 
assume that the phonon dispersion curves along a, b and c' 
directions are similar. Thus it is not surprising to note a 
suggestion by Bridge and Vincent (1972) that the 22 cm 
phonon arises because of the contribution from acoustic phonon - 
of non-zero wave vector. This suggestion was made possibly
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because of their failure to observe the sample dependence 
of the 22 cm  ^ phonon. Their suggestion could not be 
discarded completely however because it is apparent from 
Pawley’s result that there are four acoustic phonons 
appearing below 44 cm  ^ which belong to non-zero wave vector.
Another observation which has not so far been 
reported is the dependence of the relative intensity of 
the phonon bands on intensity of the exciting light (property 
4) . It is observed that while a weak exciting light produces 
a strong 46 cm  ^ phonon band relative to the 6l cm  ^ phonon 
band, an intense exciting light reduced the relative intensity 
between these two bands.
An intense exciting light also has the effect of 
reducing the intensity of the phonon bands relative to the 
392 cm  ^vibrational band as shown in Figure 6.4. This could 
not be explained in terms of temperature increase resulting from 
the high exciting light intensity because the bandwidth of the 
392 cm  ^ vibrational band is unaffected. Moreover a temper­
ature dependent study by Lyons and Warren (1972) seems to 
indicate that an increase of temperature from 5«6K to 20K has 
the effect of merging the structured phonon bands into a single 
band having a maximum at about 50 cm ^. The effect observed 
in the present study is such that increasing the intensity of 
the exciting light has the effect of increasing the intensity 
of the higher energy phonons relative to those of lower energy
instead of merging the phonon bands as observed by Lyons and 
Warren. Reabsorption effects also could not explain this 
phenomenon because reabsorption does not change the relative 
intensity of the phonon bands as shown in Figure 6.2. This 
unresolved phenomenon may have some bearing on exciton-photon 
and exciton-phonon coupling phenomena. However, theoretical 
views on these subjects are lacking so that no comparison with 
theory can be made here.
6.3»^ Impurity emission
There are at least 6 impurities present in the zone
refined anthracene crystal which give rise to guest fluorescence
Three of them still remain in the most pure crystal. However
their fluorescence intensities are weak as shown in Figure 6.1,
labelled as 0_, 0o and 0_. The 0o , 0o and 0n impuritiesJ o  y J ö y
fluoresce at 24901 cm ^ , 24352 cm 1 and 24165 cm 1 respectively,
The 0^ impurity has been identified as 2-methylanthracene 
(Lyons and Warren, 1972; Bridge and Vincent, 1972) and the 0y
impurity was identified by Bridge and Vincent as 2-hydroxy- 
anthracene. Bridge and Vincent speculated that the Og impurity 
was 2j9-dihydroxyanthracene, however they did not rule out the 
possibility that both impurities may correspond to the oxidized 
products of 2-hydroxyanthracene. In a less pure crystal, 
these impurities were strongly fluorescent as was another 
unidentified impurity also present which fluoresced at 23708 cm 
and which was labelled by Lyons and Warren as 0 ^ .
The remaining 2 impurities are present only in the
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crystal when sodium is used in the zone refining process.
These impurities fluoresced at 24886 cm ^ and 24678 cm .
They will be referred to in the following description as 
and respectively. Since they are present in the zone 
refined crystal, they may correspond to the reaction products 
of the sodium with impurities initially present in the crystal.
The origin of the impurity emission has been 
observed previously as a sharp band of about 5 cm  ^ width.
In the present study, each of the impurity emission origins is 
observed as a doublet separated by about 12 ± 1 cm ^ with the 
higher energy component being 6 to 8 times weaker than the 
lower. Polarization measurement shows that the higher energy 
component is more strongly b-polarized than the lower energy 
component as listed in Table 6.5. In all cases the polariza­
tion ratio of the phonon bands is higher than the polarization 
ratio of the origin band and the vibrational bands. However 
the polarization ratio of the origin band is not reliable 
because the band is partly reabsorbed.
The appearance of two origins for each impurity 
emission may correspond to two different impurity sites in the 
host anthracene crystal. Identification of the two sites is 
supported by the fact that vibrational bands can be observed in 
the spectrum -which can be associated with the two fluorescence 
origins. In the following section, the impurity emissions 
are individually described.
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TABLE 6.5
b /' a polarization ratio of impurity bands.
Iinpuri ty Polarization ratio
0-0 phonon Vibration
i
°3 8.1 — -
°3 4.7 3.8 2.6
°8 7.3 - -
°8 2.2 6.4 2.4
t
°9 13.8 — —
°9 2.5 2.5 2.4
t
N l 15 —
N 1 2.0 - 1.6
1
■
N 2 20 — —
N 2 2.1 2.3 2.1
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1. 2-methylanthracene impurity emission
The two fluorescence origins of 2-methylanthracene 
occur at 24914 cm  ^ and 24901 cm This is shown in Figure
6.5, and their vibrational bands are listed in Table 6.6.
The vibrational assignment by Lyons and Warren (1972) and Bridge 
and Vincent (1972) are also listed in the table for comparison. 
The spectrum was obtained from a vapour grown crystal of Prinz 
Organic quality without further purification. As is apparent 
from the table, the present result is in close agreement with 
the result of Lyons and Warren (1972) except for the appearance 
of a doublet origin and the 1389 cm ^ vibration in the present 
study.
2. 2-hydroxyanthracene (0^) and 2,9-dihydroxyanthracene (Og)
The Og and 0^ impurities which fluoresce at 24332 cm ^
and 24i 65 cm  ^ are complimentary to each other, in that the
presence of either one is always accompanied by the appearance
of the other. Their fluorescence origins have been observed
by previous workers as strong singlet (Glöckner and Wolf, 1969$
Lyons and Warren, 1972; and Bridge and Vincent, 1972). This
lead Bridge and Vincent to suspect that the 0o and 0 bands areo 9
due to the same impurity occupying two different sites in the 
anthracene crystal. Their speculation however was promptly 
discarded on the grounds that different phonon energies were 
associated with these bands and also because the 24l65 cm  ^
band is more sensitive to doping than the 24332 cm ^ band.
In the present study, each of these bands appears as
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TABLE 6.6
The fluorescence bands of 2-methylanthracene 
present in anthracene crystal at >^K.
(Notation: vst - very strong; st - strong;
m - medium; w - weak; vw - very weak; wsh - 
weak shoulder.
Present 2-methyl- Bridge and Lyons and Assignment
work anthracene Vincent Warren
Wavenumber fluorescence (1972). (1972).
in vacuum The diff- The diff-
erence erence
o' o from origin from originJ J (24912 cm“1 ) (24912 cm 1 )
24914 w 0-0 _ . Origin 1
24901 vs t 0-0 0 0 Origin 2
24878 wsh 23 - - phonon
24860 vst 4i 43 43 phonon
- - - 53 phonon
24842 w 59 - 61 phonon
- - 70 - phonon
24815 w 85 85 86 phonon
24794 w 107 - - phonon
24778 m 123 - 119 Fundamental vib.
24759 vw 142 - l4l 123 - 2 3 + 4
24739 vw 162 - 162 123 - 41 + 2
24720 w 181 - 184 123 - 5 9 + 2
- - - 196 199 + 3 / E 391
- - - 218 199 - 19 / E 391 -
237 199 - 22/E 391 - 4
2;
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2.4542 w 372 - - Fundamental vib.
2452^ vs t 372 371 370 Fundamental vib.
2450? w 394 - 394 372 - 2 3  + 1
24486 m 415 - 413 372 - 4 1 - 3
24472 W 429 - - 372 - 5 9 + 2
- - - 455 372 - 85
- - - 494 372 - 123 + 1
24412 w 502 - - Fundamental vib.
24400 ■ s t 501 502 Fundamental vib.
24353 w 543 - - 502 - 4l
24279 w 622 - 622 502 - 123 + 3 ?
24255 m 646 - 647 ?
24159 m 742 - 741 2 x 372 + 2
24147 m 754 - 755 Fundamental vib.
24029 w 872 - 875 372 - 501 + 1
23383 s t 1018 - 1020 Fundamental vib.
23786 vw 1115 1115 3 x 372 + 1
- - - 1154 ?
23748 w 1166 1153 - - Fundamental vib
23735 s t 1166 1172 1169 Fundamental vib
- - - 1192 Fundamental vib 
0,^ 0-012
23649 wsh 1265 - - Fundamental vib
23635 s t 1266 1274 1267 Fundamental vib
23591 m I3IO 1310 1266 - 4l - 3
23526 wsh 1388 - - Fundamental vib
23512 wsh 1389 - - Fundamental vib
23505 wsh 1409 - - Fundamental vib
23497 wsh l4o4) - l4o4 Fundamental vib
23491 vs t l4io) 1407 1410 Fundamnetal vib
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2 3 4 6 7 w sh 14 3 4 - 1431 i 4 i o - 23 - 1
2 3 4 3 0 s t 1431 - 1 4 3 2 i 4 i o - 4 i
2 3 4 3 4 w 1467 - - i 4 i o - 39 + 2
2 3 4 1 7 w 1 4 8 4 - 1488 i 4 i o  - 8 3 + 1 /
F u n d a m e n t a l  v i b .
- - - 1307 1 4 8 3 - 24
- - - 13 2 2 14 8 3 - 39
- - - 15 3 5 ?
2 3 3 5 2 w 13 6 2 - - F u n d a m e n t a l  v i b .
2 3 3 4 1 v s  t 1 3 6 0 13 6 6 136 0 F u n d a m e n t a l  v i b .
2 3 3 1 9 W 1 3 8 2 - - 1 3 6 0 - 23 + 1
2 3 2 9 9 m 1 6 0 2 - 1 6 0 4 1 3 6 0 - 41 -  1
2 3 2 7 5 w I 6 3 9 - - 1 2 6 3 - 372  -  2
2 3 2 6 3 W 1638 - 1639 1266 - 372
2 3 2 2 0 vw 1681 - 16 8 3 12 6 6 - 372  -  4 l  - 2
2 3 1 3 2 w 17 8 2 - - 1409 - 372 -  1
2 3 1 2 0 m 17 8 1 - 1781 14 1 0 - 372 + 1
2 3 097 vw 1 8 0 4 - - 1 4 1 0 - 372  -  23 + 1
230 7 7 vw 1 8 2 4 - - 1 4 1 0 - 372  -  41 + 1
2 2 9 8 8 m 1 9 1 3 - 19 1 0 i 4 i o - 301 -  2
2 2 9 6 8 m 1 9 3 3 — 1 9 3 2 1 3 6 0 — 372  -  l
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a doublet separated by about 12 j; 1 cm ^. The doublet origins
of the 0o impurity appear at 24,364 cm  ^ and 24332 cm  ^ while o
the doublet origins of the 0^ impurity appear at 24175 cm 1 
and 24i 63 cm ^ .
An attempt was made in the present study to purify 
the crystal by initially forming its dimer in a degassed benzene 
solution and then cleaving the dimer by sublimation. The 100 
passes zone-refined anthracene (without sodium) was used as the 
starting material. The fluorescence spectrum of the crystal 
purified in this way shows an enhancement of the 0o and 0_0 y
impurity emissions as compared with the original crystal. The 
spectrum of this particular crystal is shown in Figure 6.6.
It has been observed also that when the crystal 
containing 0o and 0_ impurities is irradiated with 3^300 y
light in the absence of air, the 0 impurity band decreases iny
intensity. The implication of this observation will be out­
lined in Section 6.3«7* An attempt was also made to correlate
the 0o and 0 impurities by doping the purest available crystal,o y
containing no apparent 0o and 0_ impurities, with 2-0 y
hydroxyanthracene. The result is similar to that of Bridge
and Vincent (1972) where the 0 impurity band becomes much9
stronger than the 0g band as compared with naturally occuring 
impurities in the pure crystal.
A mass spectromatric analysis on the 2-hydroxyanthracene
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used for the doping revealed the presence of an impurity of 
molecular weight 210 or 16 more than the molecular weight of 
2-liydroxyanthracene. The excess molecular weight represents 
an additional hydroxyl group attached to the anthracene 
parent molecule. Although the intensity of the additional 
impurity in the mass spectrum is less than 0.1 percent it is 
nevertheless sufficient to give a strong impurity emission in 
the fluorescence spectrum of the 2-hydroxyanthracene-doped- 
anthracene crystal.
It is therefore believed that the impurity found in 
the 2-hydroxyanthracene is responsible for the appearance of 0g 
band in the fluorescence spectrum of anthracene crystal.
Since (i) the appearance of 0g and 0^ impurity bands are always 
complimentary to each other and (ii) the 0^ impurity is 
identified as 2-hydroxyanthracene, it is natural to suspect the
impurity to be 2,10-dihydroxyanthracene or 2,9-dihydroxy- 
anthracene .
In the mass spectromatric analysis, no sign of
oxidized 2-hydroxyanthracene is present although the crystal
had been stored for several months in air and in the dark.
Thus the 0 band is due to 2-hydroxyanthracene impurity instead 
y
of the oxidized 2-hydroxyanthracene as suspected by Bridge and 
Vincent (1972). Accordingly, the 0g band is also due to the 
unoxidized impurity.
The vibrational energies of the two impurities are
equal to within + 2 cm “ which may indicate that the two impurities 
differ only in isotopic substitution. There are at least four 
isotopic molecules of 2-liydroxyanthracene observed in the mass 
spectrum of 2-hydroxyanthracene. However the energy separa­
tion between the two impurity bands is too large (185 cm ^) to 
identify the Og impurity as the isotope of 2-hydroxyanthracene.
The vibrational bands corresponding to the 0g and 0^ 
impurity emissions are listed in Table 6.7» A comparison is 
made with earlier results whenever applicable. The vibrational 
bands corresponding to two impurities are easily distinguished 
because the 0^ impurity is much more sensitive to irradiation 
at room .temperature. Moreover, emission from other impurities 
is almost absent.
There is a close correspondence between the vibrational
bands of 0g impurity and 0^ impurity as is clearly apparent in
Table 6.7. The only large difference that can be observed is
in the phonon energy. Each of the impurity origins appear as
doublet as has been mentioned previously . The lowest fundamental
vibrations of 0o and 0 impurities are equal and occur atö y
339 cm from the respective origins. The 392 cm  ^ funda­
mental vibration of anthracene molecule is shifted to 373 cm  ^
in both impurities which suggests that the hydrogen at the 
second carbon atom of anthracene molecule is replaced by another 
substituent.
It is interesting to note here that while the
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TABLE 6.7
The fluorescence bands of 2-hydroxyanthracene and 
(2,9-dihydroxyanthracene?) present in anthracene 
crystal at 5K.
(Notation: vst - very strong; st - strong; m-
medium; w - weak; vw =- very weak; wsh - weak 
shoulder.)
Wave
number
in
vacuum
(2,9-dihy- 2-hydroxy- 
droxyanth- anthracene 
racene? 0„
°8
Assignment
Bridge
and
Vincent 
' (1972)
Present
work
V G\
0On
O00.
0
— 24364 s t 0-0 Origin
24348 24352 vst 0-0 Origin
- 24329 wsh 23 phonon
- 24320 wsh 32 phonon
- 24314 wsh 38 phonon
- 24309 s t 43 phonon
- 24302 wsh 50 phonon
- 24295 wsh 57 phonon
- 24285 wsh 67 phonon
- 24270 vw 82 phonon
- 24264 vw 88 2 x 4 3 - 2  ph
- 24249 vw 103 2 x 50 - 3 ph
- 24224 vw 128 1r-\001<r\-3-
— 24218 vw 134 phonon
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- 24212 w l40 phonon
- 24200 w 152 phonon
- 24173 s t 0-0 Origin
24159 2416.5 vs t 0-0 Origin
- 24142 vsh 23 phonon
- 24136 wsh 29 phonon
24119 24125 wsh 4o phonon
- 24122 vs t 43 phonon
- 24113 vs t 52 phonon
- 24.102 w 63 phonon
- 24082 s t 83 phonon
24072 24077 st 88 2 x 43 - 2
“ 24050 w 115 2 x 43 - 2
24024 w 340 fundamental vib.
- 24013 s t 339 fundamental vib.
- 23990 W 374 fundamental vib.
23977 23979 vs t 373 fundamental vib.
- 23959 V¥ 393 339 - 5 6  + 2
~ 23942 w 422 340 - 82
- 23933 s t 419 339 - 82 + 2 / 
373 - 4 3 + 3
- 23919 vv 433 373 - 56 - 4
- 23894 w 458 373 - 82 - 3
- 23858 vv 506 fundamental vib.
23842 23848 s t 504 fundamental vib.
- 23837 w 338 fundamental vib.
- 23826 s t 339 fundamental vib.
- 23802 s t 373 fundamental vib.
23790 23792 vs t 373 fundamental vib.
— 23769 vv 583 504 - 8 3 + 4
2 3 6 5 7
2 3 7 5 2 w 4 1 3 3 7 3  -  4 o
2 3 7 4 9 V W 4 1 6 3 7 3  -  4 3
2 3 7 4 3 s t 4 2 2 3 3 9  -  8 3
2 3 7 3 0 V W 4 3 5 3 7 3  - 6 3 + 1
2 3 7 1 0 s  t 4 5 5 3 7 3  -  8 3  -  1
2 3 6 9 5 w 6 5 7 F u n d a m e n t a l  v i b .
2 3 6 7 2 s  t 6 8 0 5 0 3
t
0  f u n d a m e n t a l  v i b ,  
0 ?  0 g  2 x  3 3 9  -  2
2 3 6 6 1 V S  t 5 0 4 F u n d a m e n t a l  v i b .
2 3 6 5 2 V W 7 1 2 3 4 0  -  3 7 4  + 2
2 3 6 3 9 VW 7 1 3 3 3 9  -  3 7 3  -  1
2 3 6 1 7 V W 7 4 7 5 4 8 0* 2 x  3 7 4  -  1 ,  o r  
o 9 5 0 4  -  4 3  -  1
2 3 6 0 6 w 7 4 6 2 x  3 7 3
2 3 6 0 0 VW 5 6 5 5 0 4  - 6 3 + 2
2 3 5 9 5 VW 7 5 7 F u n d a m e n t a l  v i b .
2 3 5 8 4 V W 5 8 1 ?
2 3 5 8 0 VW 5 8 5 5 0 4  - 8 3 + 2
2 3 5 7 3 VW 5 9 2 5 0 4  -  8 8
2 3 5 0 9 s t 8 4 3 6 5 6 0 g  5 0 4  -  3 3 9 ,  o r  
0 ^  F u n d a m e n t a l  v i b
2 3 4 7 4 s t 8 7 8 5 0 4  - 3 7 3 - 1
2 3 4 5 4 s t 7 1 1 3 3 9  - 3 7 3 + 1
2 3 4 2 9 VW 9 2 3 7 4 6 0 8 5 9 4  -  3 3 9  -  8 2 +  
o r  0 9 2 x  3 7 3
2 3 4 2 0 s t 7 4 5 2 x  3 7 3  +  1
2 3 4 0 8 w 7 5 7 F u n d a m e n t a l  v i b .
2 3 3 9 5 VW 9 5 7 5 0 4  -  3 7 3  - 8 2 + 2
2 3 3 8 7 V W 9 6 5 5 0 4  -  3 7 3  -  8 8
2 3 3 8 4 V W 7 8 1
2 3 3 7 3 s t 9 7 9
2 3 3 4 3 V W 1 0 0 9 2 x  5 0 4  -1
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- 23334 VW 841 303 - 338
- 23323 s t 1029 842 0q 304 - 3 3 9 + 1  
of 0g 637 - 373 - :
- 23300 VW 873 303 373 + 1
- 23289 st 876 304 - 373 + 1
- 23239 VW 926 304 - 339 - 83
~ 23236 VW 929 304 - 373 - 32
- 23226 VW 939 304 - 373 - 6 3 + 1
- 23206 VW 939 304 - 373 - 8 3 + 1
- 23202 VW 963 304 - 373 - 8 8 + 2
- 23194 VW 1170 Fundamental vib.
23187 23183 VW 1169 Fundamental vib.
- 23163 w 1187 1000 ?
- 23143 w 1022 656 - 373 + 7 /Fund
- 23137 w 1213 504 - 373 - 339 +
- 23098 VW 1266 Fundamental vib.
23073 23084 st 1268) 31
ISplit ,,
— 23083 wsh 1269) 11
- 23066 VW 1286 Fundamental vib.
- 23048 w 1117 3 x 373 + 2
- 23022 w 1330 1268 - 6 7 + 3
- 23003 VW 1 1 7 0 ) Split 0 Q Fund vib.
) or
- 23001 w 1331 1 1 7 4 ) 0 g 1268 - 82 - 1
22994 22996 w 1169) Split Fund. vib.
) or- 22993 VW 1339 117z) 0 g 1268 - 88 - 3
- 22937 VW 1218 303 - 373 - 338 -
- 22931 st 1 4 1 3 ) »0 g split Fund vib.
) or- 22947 stsh 1417) 1218 0 g 504 - 373 - 339.--
- 22940 st 1412 j) Isplit fund. vib.
22931 22937 st 1415) )split fund. vib.
1436- 22916 v w
- 22906 v w
22896 22897 s t
- 22892 W
- 22879 w
- 22877 w
- 22871 v w
- 22860 w
- 22850 w
- 22843 v w
- 22840 v w
- 22814 v w
- 22809 v w
- 22786 w
22780 22783 s t
- 22764 s t
- 22759 v w
- 22752 v s  t
22742 22749 v s  t
- 22741 w
- 22738 w
- 22728 W '
- 22713 v w
- 22708 v w
- 22672 w
- 22667 v w
- 22663 v w
- 22657 v w
_ 22652 w
1269
1493
1492
1514
1509
1 5 1 2
1 5 6 6 )
)
1569)
l 4 l l  I 
l 4 l 6 )
l 6 l l
1437
1 5 0 8
1 5 1 2
1268)
\
1412 -  23 -  1 
1412 -  23 -  1
s p l i t  fu n d .  v i b .
1273) s p l i t  fu n d .  v i b .
1286)
)
1288)
s p l i t  fu n d .  v i b .
s p l i t  fu n d .  v i b .
1413 - 8 3 + 3  
1412 - 8 3 + 3  
1170 -  340 -  4
1351
1169 -  339 -  1 
1173 -  339 /
2 x 757 + 2
1268 -  83
1356 1273 -  83
1413)
s p l i t  fu n d .  v i b .  
s p l i t  fu n d .  v i b .  
s p l i t  fu n d .  v i b .  
s p l i t  fu n d .  v i b .  
s p l i t  f u n d .  v i b .
)
l 4 l 6 ) s p l i t  fu n d .  v i b .
1437
1569 - 4 3 + 1  
l 4 l l  - 2 3 - 3  
1413 - 2 3 - 1
1452 1413 -  4o + 1
1457 I 4 i 6  -  4o -  1 /
1493
1413 - 4 3 - 1  
1413 - 8 3 + 3
1508)
1170 -  340 + 3 
1174 -  34o + 2 
1169 -  339
)
1513) 1176 -  339 + 2 /
2 x 757 + 1
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- 22635 VW 1530 l4i6 - 115 + 1
- 22631 w 1721 1569 - 152
- 22609 st 15661 Split fund. vib.
- 22604 wsh 1571) Split fund. vib.
22598 22598 st 1567) Split fund. vib.
- 22595 st 1570) Split fund. vib.
- 22590 wsh 1774 1266 - 506 - 2
- 22577 w 1775 1268 - 5 0 4 - 3
- 22564 w 1788) 1412 - 3 7 3 - 3
- 22561 w )1791) 1415 - 3 7 3 - 3
- 22556 VW 1609 1567 - 4 3  + 1
- 22550 VW 1615 1567 - 5 2  + 4
- 22531 VW 1634 1570 - 63 +1
- 22523 VW 1642 ?
- 22442 VW 1910 1569 - 3 3 9 - 2
- 22433 VW 1919) 1412 - 5 0 4 - 3
- 22430 VW )1922) 1415 - 5 0 4 - 3
- 22418 VW 17 47 ?
- 22413 w 1752 1413 - 339
- 22409 w 1756 l4l6 - 3 3 9 - 1
- 22390 w 1775 1268 cn+
-3-01
- 22379 st 1786 1413 - 373
- 22376 st 1789 l4i6 - 373
- 22305 w 2047 ?
- 22298 w 1867) 1413 - 373 - 83 + 2
- 22295 w
)1870) l4l6 - 373 - 83 + 2
- 22278 VW 2074 1569 - 504 - 1
- 22258 w 1907 1567 - 3 3 9 - 1
- 22246 st 1919)
\
1413 - 504 - 2
22244 st 1921) l4i6 - 504 - 1
1 7 4
22224 s t 1 941) 1567 - 373 - l
2 2 2 2 0 s t 1945) 1570 - 373 - 2
22197 vw 1968 1413  - 304 - 3 2 + 1
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vibrational bands of 2-methylanthracene impurity emission
appear as singlets for each origin, some of the vibrational
bands of 0o and 0 impurity emissions appear as doublets for o y
each component of the origins. The doublet is separated by 
about 2 to 5 cm . The doublet vibrational bands are strong 
and narrow enough to be associated with overtone bands of the 
fundamental vibration or with the phonon sidebands. They are 
therefore considered as characteristic of the 0^ and 0^ impurity 
emissions.
The particularly strong doublet vibrational band is 
shown by the l4l5 cm ^ vibration which appears as a doublet 
at l4l? cm  ^ and l4l6 cm  ^ of equal intensity. The combination 
of these vibrations with 373 cm 1 vibration also appears as 
doublet at 1786 cm ^ and 1789 cm ^ • It is likely that the 
doublet vibrational bands are due to split molecular vibrations 
in the crystal.
The Raman spectrum of 2-hydroxyanthracene is not 
available however to make any comparison. The polarization 
measurement shows that the doublet components are equally 
polarized. However this does not necessarily mean that the 
doublets do not correspond to split molecular vibrations because 
the components of the doublet may correspond to different 
molecular vibrations as in the case of l403 cm  ^ vibration 
and 1410 cm  ^ vibration of anthracene crystal.
and impurities3.
There are two additional impurities present in some 
of the crystals studied. These impurities fluoresce at 24886 
cm  ^ and 24678 cm  ^ and are labelled in Figure 6.7 as and 
N respectively. As in the case of 2-methylanthracene and 
2-hydroxyanthracene, two fluorescence origins are observed for 
each impurity. The two fluorescence origins for impurity 
occur at 24898 cm  ^ and 24886 cm  ^ and the corresponding 
origins for occur at 246 89 cm  ^ and 24678 cm The
fluorescence from these impurities was found to have the 
following properties:
(i) They appear in the crystals which were zone-refined 
in the presence of sodium. Their presence is 
independent of the crystal growing method.
(ii) The higher energy component is more b-polarized than 
the lower energy component.
(iii) The separation of and bands is within the same 
order of magnitude as the trap depth of the 
impurity.
(iv) Except for the 386 + 1 cm  ^ and 1396 + 2 cm ^
vibrations, the other vibrations are close to those 
of the anthracene crystal host as apparent in Table
6.8.
(v) The phonon sidebands are observed only for the 
impurity fluorescence.
From these observations it appears that both
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TABLE 6.8
The fluorescence bands of unknown impurity- 
present in anthracene crystal at 3K .
(Notation: vst - very strong; st - strong;
m - medium; w - weak; vw - very weak; wsh - 
weak shoulder.)
Number ^ Impurity N^ Impurity N^ Assignment
in
vacuum
ö
N1Ö 1 1H N1 N2 N 2
248«?8
O1O£ o*rigin
24886 vst 0 - 0 origin
24689 w 0 - 0 origin
24678 vst 0 - 0 origin
24637 s t ' 4 i phonon
24628 s t 50 phonon
24607 s t 71 phonon
24499 vs t 387 Fundamental vib
243 6 4 w 322 Fundamental vib
2 4 2 9 3 vst 385 Fundamental vib
24231 w 427 383 -  4 l  - 1
24241 w 437 383  -  30 -  2
2 4 2 2 3 w 4 5 5 385 - 7 1  + 1
24137 w 321 Fundamental vib
24131 w 735 2 x  387 -  1
23909 w 769 2 x  383 -  1
23771 vw 907 383 -  321  -  1
23726 1160
23627 w 1259
23518 W
23487 s t 1399
23421 w
23332 w 1554
23286 s t
23261 vw 1625
23242 vw 1644
23131 vw
23124 w
23102 w 1784
23055 vw
23033 vw
22943 vw 1943
22899 vw
22734 vw
22228 vw 2658
22091 vw 2795"
Fundamental vib
Fundamental vib
Il60 Fundamental vib
Fun dam ental vib
1257 Fundamental vib
Fundamental vib
1392 Fundamental vib
Fundamental vib
1259 - 387 + 2
1547 1160 - 385 - 2
1554 Fundamental vib
1399 - 387 + 2
1623 Fundamental vib
1645 1257 - 385 - 3
1554 - 387 - 2
1779 1392 - 385 - 2
1944 1554 _ 385 
1399 - 1259
- 5
2 x 1399 t 3
impurities are the sodium salts of the 2-hydroxyanthracene and 
2,9-dihydroxyanthracene. This prediction may be confirmed by
doping the pure crystal with the sodium salt of 2-hydroxy- 
anthracene and 2,9-dihydroxyanthracene.
6 .3 . 5 Defect trap emissions
Having assigned the host crystal and the guest 
(impurity) fluorescence bands, the other fluorescence bands, 
which are sample dependent, may be assigned as due to
defect traps or referred to as X bands. There are at least 
5 bands appearing in the spectrum which can be classified in 
this category. These bands appear at 247 cm , 26l cm ,
277 cm ^ , 514 cm  ^ and 669 cm ^ from the host crystal
fluorescence origin. They are shown in Figure 6,8.and 
labelled as X^ , X^, X^, X^ and X^ respectively. All the 
defect trap bands appear in the melt grown crystals, and 
except for the X^ band, they also appear in the fluorescence 
spectrum of the rigidly mounted vapour grown crystals.
-1
The X^ band has been observed by Lyons and Warren
(1 9 7 2) and was assigned as a false origin arising from 243 cm
b_ vibration in a strained crystal. Its 392 cm ^ and l4Q42g
cm ^ vibrations are observed in the present study at 639 cm 
and 1651 cm  ^ from the host crystal fluorescence origin respect­
ively. The X^ band is generally known as the deformation 
band because of its dependence on crystal mounting (Shpak and 
Sheremet, 1964). Its l4o6 cm  ^ vibration has been observed
by Helfrich and Lipsett (1 9 6 5), but it was not observed in
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the present study, nor in the earlier study by other workers 
(Glöckner and Wolf, 1969 ; Bridge and Vincent, 1972). Perhaps 
for this reason Bridge and Vincent assigned the band as a 
two phonon band.
The band has also been observed by Glöckner and 
Wolf (1969) and was assigned as a defect trap origin with its 
392 cm  ^ and l405 cm ^ vibration appearing at 667 cm ^ and 
l680 cm  ^ from the host crystal fluorescence origin respectively. 
In the present study, the 392 cm  ^ vibration of the X^ trap is 
assigned as the X^ defect trap origin because of the non-corres­
pondence in intensity variation between the X 0 and X P bands as is3 5
apparent from Figure 6.8. In fact the 394 cm ^ , 1164 cm ^ ,
1258 cm l4l2 cm  ^ and 1558 cm  ^ vibrations of the X^ defect 
trap are observed in the spectrum.
It is interesting to note however that while the 
intramolecular vibrations at X r defect traps are generally 
increased between 2 to 9 cm the intermolecular vibrations 
are reduced by 1 cm  ^ (46 cm  ^ to 45 cm  ^ and 6l cm ^ to 60 cm ^) . 
The higher energy shift of the intramolecular vibration in 
the defect region is to be expected if the defect corresponds 
to a compressed lattice. In such a case the fluorescence 
origin shift is governed by the change in the Van der Waal’s 
dispersion energy and the vibrational energy shift is 
governed by change in the resonance interaction (Schipper, 1974).
-1The X^ band which appears at 514 cm from the host
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crystal fluorescence origin has not been reported previously. 
It appears only in the melt grown crystals and the thick
crystals grown from ethanol. Since its intensity is too
-1strong to assign it as the 122 cm phonon sideband of the 
392 cm Z host crystal vibration, the band is considered to 
arise from a defect trap. There are no fluorescence bands 
however which could be matched with this defect trap emission. 
It is therefore similar to the band in the sense that no 
vibrational bands could be matched with the two defect trap 
bands.
The appearance of X^ , X^ and X^ bands are compliment­
ary to each other. Previously, these bands were observed 
as a single broad band with its maximum at 260-263 cm Z from 
the host crystal fluorescence origin (Shpak and Sheremet, 1964; 
Helfrich and Lipsett, 1965; Bridge and Vincent, 1972). In 
the present study, the band was observed as a triplet at 247 cm 
261 cm Z , and 277 cm Z from the host crystal fluorescence 
origin. These bands were found to have the following properties:
-1
1. Their appearance and shape are sample dependent.
In a freshly mounted crystal, the average relative 
intensity of the triplet is such that
I247 ! I26l : I277 = 2 : 2 : 3
On annealing to room temperature their intensities 
increase by a factor of 1.0 to 1.5 and the relative 
intensity becomes
T247 : Z26l : Z277 ' 1 : 2 : 1
184
This is shown in Figure 6.9. Because of the 
larger increase in the band, the X^ band is 
smeared out but the X^ band remains and appears 
as a weak shoulder. Consequently, they appear 
as a broad band having its maximum at 26l cm  ^ from 
the host crystal fluorescence origin.
2. The relative intensity of the triplet bands also 
changes with time when the crystal is kept at 5 K 
as shown in Figure 6.10.
3. The bands are strongly b-polarized. The polarization 
ratio is of value intermediate between the polariza­
tion ratio of the phonon band and that of the vibra­
tional bands as shown in Table 6.2.
4. Their intensities are dependent on the intensity of 
the exciting light. This is dtiown in Figure 6.4, 
where an intense nitrogen laser excitation has the 
effect of reducing the intensity of the triplet 
bands relative to the 392 cm  ^ vibrational band of 
the host crystal fluorescence.
Taking the X^ defect trap as due to a false origin 
arising from the 243 cm  ^ b vibration (Lyons and Warren, 1972), 
the X^ defect trap may correspond to another false origin
arising from the 284 cm-1 b_ vibration.lg Thus from the way
the intensity of the X ^ , X^ and X^ bands varies on repeated
1 85
Figure 6.9: Fluorescence spectra of a pure melt grown
anthracene crystal at 5K: The effect of cooling and
warming processes on the (X^ - X^) deformation bands.
A - first cooling to 5K; B - After warming the crystal 
to room temperature. Note the change in the relative 
intensity of the , X 0 and X^ bands.
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cooling and warming processes (property l) , one is able to 
postulate that the appearance of the band is initiated by 
the crystal strain that gives rise to X^ and X^ fa2.se origins. 
This would indicate that the X0 band is due to crystal cracks 
resulting from strain suffered by the crystal during the 
cooling process. The fact that the intensity of the X^ band 
increases with time (property 2) would tend to support this 
hypothesis. However this is not consistent with the present 
results because the cracked crystals do not necessarily show the 
triplet bands. Neither could it be due to elastic deformation 
because elastic deformation in anthracene crystal induced a 
fluorescence shift of 30 cm  ^ to the higher energy (Lisovenko 
and Shpak, 1966). Similarly Morris and Sceats (1973) have 
also observed a higher energy shift of about 190 cm  ^ in their 
reflection spectrum of anthracene crystal when the crystal 
undergoes plastic deformation during the cooling process.
Since it appears unlikely that the band at 26l cm 
from the fluorescence origin is due either to cracks in the 
crystal or to elastic deformation, some other physical 
defects, possibly a dislocation may be responsible for the 
appearance of the X^ band. The fact that the band disappears 
at temperature higher than 30K (Wolf and Benz, 1971; Munro, 
Logan, Blair, Lipsett and Williams, 1972) is clearly indicative 
of exciton trapping by such a defect. It is still not known 
however if the intensity dependence of the 26l cm  ^band 
on the exciting light intensity (property 3) gives any informa­
tion on the type of defect.
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The reduction in intensity of the 26l cm band 
relative to the 392 cm ^ vibrational band of the host crystal 
emission could not be explained in terms of increase of 
temperature as a result of high intensity laser excitation 
because the band-width of the 392 cm ^ vibrational band is not 
affected by increasing the intensity of the exciting light.
It is more likely to be due to increase of fluorescence from 
the exciton band?i relative to defect trap emission, as a result 
of increasing the exciting light intensity. The imperfection 
is therefore likely to occur at the surface because an intense 
exciting light would increase the fluorescence from the bulk of 
the crystal.
The possibility that the band might correspond
to a 2 phonon transition (Bridge and Vincent, 1972) is 
difficult to accept. It was observed that delayed fluorescence 
of pure anthracene crystal at about 10K has its origin at the 
band whenever the band is also observed in the corresponding 
prompt fluorescence. No emission from the exciton band was 
observed in the delayed fluorescence. Considering that the 
delayed fluorescence is very sensitive to crystal defects 
(Benz, Hacker and Wolf, 1970; Wolf and Benz, 197l)> the X^ 
band in the low temperature prompt fluorescence is most likely 
due to the origin of defect trap fluorescence with trap depth 
of 261 cm ^ . The delayed fluorescence study will be described
in Chapter 7.
It follows therefore that the X^ band is likely
to be the fluorescence origin of a defect trap having its 
trap depth at 514 cm ^ . The delayed fluorescence measured 
by Benz et al. (l9?0) also apparently shows the defect trap 
in the same region. The non-observable vibrational bands 
suggest that the Frank-Condon maximum occurs near the 
electronic origin of the defect regions.
In addition to the defect trap emissions from below 
the exciton band which give rise to the red shift fluorescence 
series, a blue shift fluorescence series also occurs in some 
of the vapour grown crystals as shown in Figure 6.11. The 
blue shift fluorescence series may correspond to the fluorescence 
originating from the strained crystal surface as a result of 
elastic deformation during the cooling process as suggested by 
Lisovenko and Shpak (1966). Lisovenko and Shpak observed a 
30 cm  ^ (35 cm  ^ for b-polarized spectrum and 5 cm ^ for a-
polarized spectrum), blue shift when the crystal undergoes 
elastic deformation. The shift observed in the present study 
is about 10 cm  ^ for both directions of polarization.
6.3.6 The fluorescence spectrum of anthracene crystals grown 
by different methods
As described in Chapter 4, crystals grown by different 
methods contain different concentrations of defects (Corke et, 
al., 1966 and Williams and Thomas, 1967). These workers have 
shown that the dislocation concentration in crystals grown by 
different methods is such that melt g r o w n s o l u t i o n  growny- 
vapour grown. The effect of defect concentration on the low
01
e
cuo
iDa
Figure 6.11: Fluorescence spectrum of a pure vapour
grown anthracene crystal containing some defects, at 
5K. The shoulder at the higher energy side of the 
vibrational bands corresponds to a blue shift fluor­
escence series arising from defects.
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temperature fluorescence spectrum has been studied by Helfrich 
and Lipsett (1965)* who observed an intense broad background 
fluorescence in the crystal of high defect concentration, which 
can be reduced by annealing to 130°C.
Since defect concentration is dependent on the 
method of crystal growth, the low temperature fluorescence 
spectrum is also expected to display a similar dependence. 
Microscopic observation has shown that the photodimerization 
pattern on the crystal is also dependent on the method of 
crystal growth as described in Chapter 4. It is therefore 
necessary to compare the fluorescence spectra of crystals grown 
by different methods in order to study the photodimerization 
on the crystal by a low temperature fluorescence technique.
The comparison is made by describing the spectral pattern of 
individual crystals as follows:
1. Vapour grown crystals
All the vapour grown crystals show a weak background 
fluorescence. The vibrational bands are sharp and well 
resolved. However the phonon bands nearest the origin, with 
energy of 22 cm ^ is not totally resolved. In contrast to 
the spectrum reported by earlier workers, the 22 cm  ^ phonon 
always appears as a weak shoulder to the 46 cm ^ phonon as 
described previously. The 22 cm ^ phonon band- seems to be 
resolved only when impurity is present in the crystal. The 
appearance of , X^, and X^ deformation bands in the vapour 
grown crystal are sample dependent.
2. Melt grown crystals
The purest melt grown crystals studied in this 
work are indistinguishable from the vapour grown crystal in 
terms of background fluorescence. The other features differ 
in two ways.
(i) The deformation bands are always present but their 
intensities are sample dependent.
(ii) The 22 cm ^ phonon band is well resolved and its 
intensity is comparable to the intensity of the 
61 cm ^ phonon band.
The above description refers to the ab face crystals which could 
easily be obtained by cleaving the melt grown crystal. In 
the be 1 and ac face crystals, the background fluorescence 
appears very strong. This is undoubtedly due to a higher 
defect concentration because the corresponding face was 
developed by cutting and polishing the crystal in an appropriate 
direction.
3. Crystals grown by recrystallization in ethanol
The fluorescence spectrum of the crystal grown in 
ethanol is similar to the spectrum of melt grown crystal except 
for increase in background fluorescence in the phonon region.
The spectrum of this crystal is shown in Figure 6.12.
4. Crystal grown in toluene - water mixture
The crystals grown in toluene-water mixture give an 
intense background fluorescence from the origin to about 24100 cm
Figure 6.12: Fluorescence spectra of pure
anthracene crystals, grown by different methods, 
at 5K. (a - vapour grown; B - Melt grora;
C - Grown by recrystallization in ethanol; D - 
Grown by evaporation in Toluene-water mixture.)
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This is repeated from about 23900 cm ^ to about22000 cm \  
This is similar to the background fluorescence of the crystal 
grown in ethanol, but does not appear in the vapour grown and 
melt grown crystals. It is therefore likely that the strong 
background fluorescence near the origin is due to defect 
emission produced by solvent trapped in the crystal.
The deformation band is absent in all the solution 
grown crystals studied. As in the case of thin vapour grown 
crystals, the 22 cm ^ phonon is very weak and unresolved in 
the crystals grown in toluene-water mixture.
5. Amorphous crystals
The amorphous crystals were grown by subliming the 
crystal under vacuum onto a silica plate which was maintained 
at liquid nitrogen temperature. The plate was then mounted 
on the sample holder in a dewar containing cold nitrogen gas 
and quickly transfered into liquid helium. In such an 
operation the crystal is more or less maintained near the 
liquid nitrogen temperature.
The low temperature fluorescence spectrum of this 
crystal is very broad having its maximum at 2 5 033 cm ^ with 
very weak vibrational bands as shown in Figure 6.13. These 
bands are in the same position as the vibrational bands of 
the perfect crystal. The strong broad band near the perfect 
crystal fluorescence origin most likely corresponds to the
closely spaced fluorescence origins from defect traps. This
#l_3t 
Fluorescence spectra ot amorphous anthracene 
at 5K.
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is due to the fact that the crystal grown by sublimation onto 
a cooled plate is expected to contain a high concentration 
of defects.
6.3.7 The photodimerization effect on the low temperature 
fluorescence spectrum of anthracene crystals.
Referring to the results of microscopic and high 
temperature fluorescence studies of the photodimerization of 
anthracene crystals, we found that the photodimerization reaction 
does take place in the vicinity of the defect. The presence of 
dimer in turn induces additional defects for the dimer aggregates 
to grow. It is therefore to be expected that the low 
temperature fluorescence would provide some information about 
the photodimerization phenomenon because defect trap emissions 
are observable in the low temperature fluorescence spectrum as 
described in Section 6.3*5.
This section is devoted to a description of the 
effect of photodimerization on the low temperature fluorescence 
spectrum of anthracene crystal. Since the effect is found 
to be dependent on the method of crystal growth and purity 
of the sample crystal, the description is divided into the 
following headings:
1. The photodimerization of thin vapour grown crystals.
2. The photodimerization of melt grown crystals.
3. The photodimerization of solution grown crystals.
4. The photodimerization of impure crystals.
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6.3.7•1 The photodimerization of pure vapour grown crystals
When a freshly prepared pure vapour grown crystal 
is irradiated for 1 hour with 3650 A° light in the absence of 
air, two new fluorescence series appear with origins at 25064 
cm and 24984 cm or 31 cm and 111 cm ' from the host 
crystal fluorescence origin respectively. Extending the 
irradiation to two hours induces an additional fluorescence 
series with its origin at 24989 cm or 106 cm from .host 
crystal fluorescence origin. Correspondingly the 25064 cm  ^
fluorescence series increases in intensity.
The vibrational spacings of the new fluorescence 
series are close to the vibrational spacing of the host crystal 
fluorescence as shown in Table 6.9 and Figure 6.l4. They 
are therefore identified as defect trap fluorescence, induced 
by the presence of dimer in the crystal. In the subsequent 
description, the new fluorescence series, with their origins 
at 25064 cm ^, 24989 cm  ^and 24984 cm will be referred to as 
and series respectively.
The intensity of the series is not affected by 
extending the irradiation time and its vibrational bands could 
not be located. On the other hand the intensity of the 
and series increases with prolonged irradiation and their 
vibrational bands could be easily located. The increase in 
the defect trap emission series is followed by decrease of 
the host crystal fluorescence series as is apparent from 
Figure 6.l4. Correspondingly the fluorescence colour changes
from blue to violet.
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Figure 6.l4: Fluorescence spectra of vapour grown
anthracene crystal at pK, before and after photodimeriza­
tion. A - spectrum of fresh crystal; B - spectrum 
after 3 hours photodimerization. C - spectrum after 
partial decomposition of the photodimers. and
are defect fluorescence series induced by the photodimer­
ization.
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TABLE 6.9
Defects fluorescence bands of photodimerized 
anthracene crystal at 5K .
(Notation: vst - very strong; st - strong;
in - medium; w - weak; vw - very weak; wsh -
weak shoulder; D - defect trap series; p -
photosensitive at low temperature; 1  ^ - relative
intensity is increased by 2537 A° irradiation;
E - host crystal fluorescence j I - relative 
intensity is reduced by 2537 A° irradiation.
Wavenumber in vacuum
Vincent
(1973)
This work ASSIGNMENT
2 5 1 0 0 25095 E Effective origin (not observed)
0 7 8 0 7 3  vw I E 22
064 064 vst Ir d jl 0 - 0
0 5 1 051 w I. E 44/d ^ - 13 phonon
042 0 3 7  st E 5 8 /D^ - 27 phonon
- 028 st E 6 7 /D^ - 3 8 phonon
0 1 9 012 m I.1 E 8 3 /D^ - 45 (Vincent)
2499^ 24989 Dp origin (not observed)
- 984 st Ir origin
9 8 2 - E 118/D1 - 82
-- 977 vw P Dp 1 2 phonon
- 972 m Ii D. origin
9 6 6 962 st P Dp 2 7 phonon
950 953 wsh P D 2 34 phonon
- 945 wsh P Dp 44 phonon
- 928 wsh P Dp 6 l phonon
- 914 m I Dp. origin
873
833
70 6
671
603
1938
904
84l
801
700
662
392
343
303
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9 0 0 w I . 1 D5 - 14 / D 8 9 phonon
887 w I . 1 D5 - 27
874 W  <. D2 - 113 / - 40 phonon
8 6 6 vv . D2 - 1 2 3 / - 48 phonon
831 vw D5 - 6 3 phonon
833 vw D 5 - 79 phonon / E 260
703 St I.X E 390
671 St Ir D i - 394 vibration.
' 6 6 1 vw E -. 3 9 0 - 44 / Dx 3 9 4 - 1 3
646 vw E -. 3 9 0 _ 3 8 - 1 / D1 394
6 2 1 vw E -- 390 - S3 - 1
399 w P D2 - 3 9 0 vibration
390 vw 1 ^ d 4 - 3 9 2 vibration
3 2 2 Tivw I D5 - 3 9 2 vibration
499 vw D5 - 3 9 2 - 14 + 1 ?
474 vw E 621
23930 m  T 1x .X E -- H 6 3 vibration
894 m Ir D i - 1 1 7 0 vibration
833 m  I.X E - 1 2 6 0 vibration
801 m Ir D i - 1 2 6 3 vibration
7 2 0 vw P D 2 - 1 2 6 9 vibration
6 9 2 st I.X E ■- l403 vibration
6 6 1 St Ir D i - 1403 vibration
381 m P D 2 - l408 vibration
340 st I.X E ■- 1 3 3 3 vibration
3 0 6 st Ir D 1 - 1 3 3 8 vibration
463 vw I.X E ■- 1 6 3 2 vibration
429 vw D 2 - I3 6O vibration
423 vw D 1 - 1 6 3 9 vibration
3 0 2 vw I .X E - 1403 - 3 9 0 vibration
+ 3
27 + 2
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While the origin of the and series appears 
strong and narrow, the origin of the series is completely
reabsorbed. Also, while the and series are stable under
the 3650 A° irradiation at very low temperature, the series 
is unstable under the same irradiation. This makes it 
possible to distinguish between the and series which are
separated by about 3 cm ^. Since the new fluorescence series 
appear as the result of photodimerization on the crystal, the 
photosensitive series should correspond to fluorescence from 
the defect intermediate of the photodimerization raction.
The other defects correspond to defects not conducive to photo­
dimerization.
At the same time this observation was made Vincent 
(1973) from the University of Kent, communicated a similar 
observation on the and D? series when an anthracene crystal 
is photodimerized. The observed bands are listed in Table
6.9 for comparison. However his spectrum is not available 
to make a closer comparison. He similarly interpreted the 
series as due to the defect intermediate for the photodimeriza­
tion reaction in the crystal and the series was interpreted 
as arising from defects surrounding the dimer aggregates.
In the present study, an additional defect trap 
emission is observed at 111 cm  ^from the fluorescence origin 
(D series). Apart from the three defect trap emissions, two 
weak additional defect fluorescence origins are observed when 
the crystal is irradiated for more than 4 hours. They appear
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at. 24972 Cm and 24914 cm on 123 cm and 181 cm  ^ from the 
host crystal fluorescence origin respectively. The weak band at 
23OI2 cm is most likely due to the 83 cm  ^ phonon of the host
crystal. The sequential change of the fluorescence spectrum with
time of irradiation is shown in Figure 6.13.
The defect-trap fluorescence origins are strongly b- 
polaiized, with ( /a ) polarization ratio greater than 75 as apparent 
in Figure 6.l6. Polarization of its vibrational bands is equal 
to that of the vibrational bands of the host crystal emission 
whose polarization is of the order of 4.3. However the polariza­
tion ratio of the photosensitive emission could not be determined 
because the series disappears during the excitation. This makes 
it impossible to measure the polarization ratio because the two 
spectra were not recorded simultaneously.
In the polarized spectra shown in Figure 6.l6 the a— 
polarized member was recorded first for 15 minutes followed by the 
b-polarized member. The spectra show that the D2 fluorescence 
series is more b-polarized. However its polarization ratio is 
unknown. The strong b—polarization of the defect—trap emissions 
suggests that site symmetry is maintained at the defect sites.
A room temperature irradiation with 2337 A° light
was carried out on the crystal containing D. - D defect1 5
traps. Its effect on the low temperature fluorescence spectrum 
is illustrated in Figure 6.l4. It is apparent that irradia­
tion with 2337 A° light does not affect the D2 photosensitive 
series. However it reduces the intensity of the and
Figure 6.15: Spectral patterns of the fluor­
escence from a pure vapour grown anthracene 
crystal at 5K, as a result of photodimerization.
A is the fresh crystal spectrum. B is the 
spectrum after 1 hour of room temperature 
irradiation with 3650 A° light. C and D are the 
spectra after 2 and 4 hours of total irradiation 
respectively, under the same condition as B. 
Spectrum (l) in D was recorded immediately after 
photodimerization, and spectrum (2) was recorded 
after 15 minutes of irradiation with 3650 A° 
light at 5K. E and F are the spectra after 
the photodimerized crystal was irradiated by a 
low intensity 2537 A° light at room temperature 
for a total time of 25 and 40 hours respectively. 
Note the increase in intensity of in B, C and 
D, and the decrease in E and F.
Figure 6.15
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D, 394 cm-' 
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ure Ö.16: 
Polarized spectra of a photo
dimerized vapour grown crystal at 5K.
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series and increases the intensity of the and D series.
At the same time, the host crystal fluorescence increases 
in intensity.
It should be noted however that in order to observe 
this effect a very lengthy irradiation is required because 
of the low intensity of the 2537 A° light. The 2537 A° light 
was obtained from a medium pressure mercury lamp by excluding 
unwanted radiation with a series of solution filters made up 
o f :
a. 1M NiS0^.7H20 in 5 cm cell,
b. 0 .3M Co S0^.7H 20 in 5 cm cell, and
c. 8.5 X 10"3 M I in 9.3 x 10~3 M KI in 1 cm cell,
following Calvert and Pitt’s (1966) recommendation. All the 
cell windows were made of silica. The fluorescence of the 
crystal could not be detected with the naked eye when the 
crystal was irradiated with this light. It is perhaps 
because of its weak intensity that the 2537 A° irradiation 
at liquid helium temperature does not give any observable 
effect.
The disappearance of the D-^  and defect emissions 
and the reappearance of the host crystal fluorescence, as a 
result of 2537 A° irradiation, indicates that the and 
defects are due to the trapped anthracene lattice within the 
dimer aggregates. Since photodimerization resulted in 
reduction of the lattice volume by about 20 percent (Williams
and Thomas, 1967)» the trapped monomer lattice will suffer some
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strain resulting in reduction of its excitation energy.
Considering that the dimer is split into its 
corresponding monomer when irradiated with 2537 A° light 
(Chandross and Ferguson, 1966), the strain suffered by the 
trapped monomer lattice will be relaxed by the irradiation. 
Consequently, the and defects are reduced and fluorescence 
from the perfect lattice increases in intensity. As a result 
of the dimer-monomer lattice conversion, additional defects 
are produced which give rise to and defect-trap emissions.
Since the 2537 A° light is very strongly absorbed by the 
anthracene layer, the dimer aggregates must therefore occur 
near the irradiated surface of the crystal.
Returning to the photosensitive series, it was 
observed that the series disappeared on irradiation with
3650 A° light at temperature less than 50K. It is sometimes 
possible to reintroduce the series by annealing the crystal 
in the dark to a temperature higher than 130K. It can also 
be reproduced by irradiating the crystal at a temperature 
higher than 50K.
A temperature dependence study has shown that when 
the crystal showing the emission series is irradiated at 
different temperatures and its fluorescence spectrum measured 
at 5K, the intensity of the emission series changes in 
the following ways:
(i) The intensity decreases when the crystal is irradiated
207
at temperatures below 50K and increases on 
irradiation at temperatures above 50K as shown in 
Figure 6.17.
(ii) The rate, at which the emission series disappears, 
increases when the temperature of irradiation is 
lowered from 50K to 5K as evident from Figure 6.17. 
Similarly, the rate of reappearance increases on 
increasing the temperature of irradiation above 50K.
The above observations indicate that the defect 
emission arises from the defect intermediate for photodimeriza­
tion in the crystal. This provides further evidence in 
support of the mechanism proposed in Chapter 5 that photodimeriza­
tion in anthracene crystal follows an autocatalytic path. By 
this mechanism, the defect in the neighbourhood of the dimer 
will act as the intermediate for photodimerization. For this 
reason, the emission series disappears on irradiation at 
very low temperatures because the intermediate is converted 
to the dimer and the monomer molecules at its neighbour are 
frozen to create a new defect intermediate at this temperature.
At high temperatures, molecular reorientation can occur in the 
crystal, thus allowing the additional defect intermediate to 
be formed after the pre-existing intermediate has been converted 
to dimer. The fact that the defect intermediate can also be 
re-formed by annealing the crystal from to 130K also supports
this mechanism.
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TIME OF IRRADIATION (minutes)
Figure 6 .17: Intensity change of defect
intermediate fluorescence as a function of 
irradiation time. The points in the curves 
correspond to the intensities of the 24962 
cm  ^ band (27cm phonon) after irradiation
with 3650 A° light at respective temperatures,
The intensities were measured at 5K.
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In the light of this mechanism, we would expect two 
reactions to govern the observed temperature dependence of 
the change of the emission series with irradiation time.
(i) Reaction to convert the defect intermediate to 
dimer and
(ii) reaction to produce^additional defect intermediate.
Reaction (i) is very fast as evident from the more rapid drop 
in emission intensity at 5K. Therefore reaction (ii) is 
the rate determining step and it is thermally activated.
Reaction (i) dominates over reaction (ii) at temperatures 
below 50K but the situation is reversed at higher temperatures 
as evident from Figure 6.17.
An attempt was made to induce the defect trap 
intermediate for the photodimerization reaction in the crystal 
by (i) growing the anthracene crystal by subliming the dimer 
crystal in 200 torr of high purity dry nitrogen; (the dimer 
is split into its corresponding monomer) and (ii) subliming 
the pure anthracene crystal in 200 torr of high purity dry 
nitrogen under continuous irradiation with 3^50 A° light.
The crystals grown under these conditions are expected to 
contain dimer molecules which will disturb the anthracene 
lattice, thus introducing defect traps.
The fluorescence spectra of both crystals do not 
show any fluorescence bands corresponding to defect traps.
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Instead a new fluorescence band appears at 24992 cm or 
103 cm from the ox'igin for both crystals. This band is 
very narrow and occurs at 3 cm ^ towards the blue of the 
photosensitive defect emission origin. It is stable on 
irradiation. However the vibrational bands associated with 
this origin could not be observed in the spectrum. But from 
the way the crystals were grown it is likely that the 24992 cm 
band is due to another defect which is produced by the 
presence of isolated dimer molecules in the anthracene crystal 
lattice. By this assumption, the 24992 cm  ^ band is there­
fore labelled as defect trap emission. Thus there are 
six kinds of crystal defects to be expected when an anthracene 
crystal is photodimerized. These defects are:
1. trapped monomer lattices within the dimer aggregates 
which give rise to and defect trap emissions 
with trap depth of 31 cm  ^ and 111 cm ^ respectively,
2. defect traps neighbouring the dimer aggregates which 
give rise to defect intermediate for photo- 
dimerization^ with trap depth of 106 cm
3. defects neighbouring the isolated dimer molecules 
(D^)j with trap depth of 103 cm  ^ and
4. defects produced by the dimer-monomer lattice 
conversion which give rise to and defect 
emissions^with trap depth of 123 cm ^ and 181 cm  ^
respectively.
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The appearance of the defect emissions in the 
photodimerized vapour grown crystals is subject to the follow­
ing two conditions:
1. The crystal should be pure and freshly grown from 
the zone-refined anthracene in the presence of 
sodium and not allowed to become contaminated by 
air at any stage.
2. The deformation band at 26l cm  ^ from the host 
crystal fluorescence origin should be initially 
weak or absent and it should not be induced by 
repeated cooling and warming processes or by 
irradiation itself.
Photodimerization on the crystals not conforming to 
these conditions has the effect of broadening the fluorescence 
bands and reducing the intensity of the host crystal 
fluorescence. The intensity of the deformation band is 
increased. This does not mean however that photodimerization 
does not occur in these crystals because microscopic observa­
tion suggests that photodimerization does not discriminate 
between old crystal and the freshly grown ones. The fact
that the D.. - D_ defect emissions were not observed merely1 5
indicates that the efficiency of exciton trapping at low 
temperature is different for the different traps.
Although the defects produced by the photodimerization
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are easily recognized from the low temperature fluorescence 
spectrum, the defect(s) responsible for the initial sites of 
photodimerization could not be easily recognized. However 
it was found that the defects of trap depth 247 cm 1 (x^) 
and 669 cm 1 (X^ .) are present in the crystal that exhibits 
the defect traps. When the crystal undergoes
photodimerization, the and X r defect fluorescence disappear .
Crystals containing defects of trap depth 247 cm 1 (X^),
261 cm'1 (x 2), 277 cm“1 (X^), 514 cm“1 (X a n d  669 cm“1 (X^) 
also undergo photodimerization. All the defects, except X^, 
disappear after long irradiation at room temperature (more 
than 4 hours). Fluorescence from defect X^ is increased in 
intensity relative to the fluorescence of the perfect crystal. 
The disappearance of the defect emissions is not automatically 
followed by the appearance of the defect fluorescence
because its appearance is dependent on the conditions previously 
described. This may indicate that the defect X ^ , X^, X^ and 
X^ are conducive to photodimerization. Once the initial 
sites have been exhausted by the photodimerization, the 
subsequent reaction takes place at the defect intermediate.
6.3•7•2 Photodimerization of pure melt grown crystals
Photodimerization of the pure melt grown crystals
does not induce the D.. - D_ defect emissions because the X 01 3  2
defect, with trap depth of 26l cm 1 , is always present in the 
crystal. The photodimerization affects the low temperature 
fluorescence spectrum in the following ways:
(i) The fluorescence bands of the perfect crystal are
broadened.
(ii) T h e i r  i n t e n s i t y  is reduced.
(iii) W h i l e  the f l u o r e s c e n c e  f r o m  o t h e r  d e f e c t  traps 
disappears, the d e f e c t  f l u o r e s c e n c e  ( d e f o r m a t i o n
band) i n c r e a s e s  in i n t e n s i t y  a n d  the b a n d  is b r o a d e n e d
(iv) The f l u o r e s c e n c e  c o lour c h a n g e s  f r o m  b lue to white.
This effect is independent of crystal faces*Figure 6.18 shows 
the sequence in change of the ab face fluorescence spectrum 
with degree of photodimerization.
6.3*7*3 Photodimerization of solution grown crystals 
Two types of crystals are to be considered here.
i) The crystals grown in ethanol and
Ü ) The crystals grown in toluene-water mixture.
The photodimerization of the type (i) crystals resulted in 
broadening of the fluorescence bands and increased intensity 
of the deformation band. This is similar to the melt grown 
crystals because type (i) crystals always show a strong 
deformation band in their fluorescence spectrum.
In type (ii) crystals, the deformation band is never 
observed and photodimerization always gives the following
results:
(a) A broad band of 350 cm  ^ width appears at 24923 cm ^
Figure 6.18: Fluorescence spectra of a
pure melt grown anthracene crystal at 5&, 
before and after photodimerization. A - 
spectrum of the fresh crystal; B - Spectrum 
after 2 hours irradiation at room temperature 
with 3650 A° light; C - spectrum after 3 
hours irradiation under the same conditions
as B .
2 1 h
Figure 6.18
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after 30 minutes of room temperature irradiation 
as shown in Figure 6.19.
(b) The appearance of the broad band coincides with 
disappearance of the phonon bands of the host 
crystal fluorescence.
(c) The host crystal fluorescence bands are broadened 
and the colour changes from blue to white.
(d) The new broad band has a property similar to the
defect intermediate fluorescence of the vapour 
grown crystal in the sense that its intensity decreases 
on irradiation at low temperature .
The decrease of the broad band intensity is 
not likely to be due to change of temperature of the 
crystal because the fluorescence recording was made 
after cooling the crystal for about 30 minutes and 
the exciting light was not sharply focused onto the 
crystal.
The above observations point to the presence of 
defect intermediate in the photodimerization of type (ii) 
solution grown crystals. The broad band may correspond to 
the phonon band of the defect intermediate emission with its 
origin being reabsorbed. The fact that the vibrational bands 
associated with this emission could not be observed in the 
spectrum is not surprising because the defect intermediate of
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Figure 6.19: Fluorescence spectra of a solution
grown crystal at 5K, before and after photodimeriza­
tion. A - spectrum of the fresh crystal; B - 
spectrum after 30 minutes of room temperature 
irradiation with 3630 A° light. The crystal was 
grown from toluene-water mixture by slow evaporation.
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the vapour grown crystal also shows a similar phenomenon 
where most of the intensity goes into the phonon band as is 
apparent from Figure 6 .l4.
6.3.7*^ Photodimerization of impure crystals
ofRoom temperature photodimerization <e*i an impure 
crystal has the effect of reducing the intensity of impurity 
emission. This is clearly apparent for the crystals containing 
2-hydroxyanthracene impurity as shown in Figure 6.20. The 
effect in the other impurities is not very clear. However, 
on close examination it is possible to see a slight reduction 
in intensity from the shallower trap impurity emissions when 
the deeper trap impurity is absent.
It has been observed that (i) when a crystal showing 
an intense 2-hydroxyanthracene impurity emission is extensively 
irradiated in the absence of air until impurity emission appears 
very weak and (ii) resubliming the irradiated crystal to obtain 
a new crystal, the fluorescence of the new crystal shows an 
intense 2-hydroxyanthracene impurity emission. It has also 
been observed that when a fresh crystal, known to contain 
2-hydroxyanthracene impurity, is dissolved in benzene, 
irradiated with 3650 A° light in the absence of air, and the 
dimer crystals thus formed sublimed to obtain a new anthracene 
crystal, the fluorescence spectrum of the new crystal show's an 
increase of 2-hydroxyantlLracerie impurity relative to the 
original crystal. This suggests that the 2-hydroxyanthracene 
impurity undergoes photo-chemical, reaction in the host anthracene
2 1 8
Fresh crystal
Atter I hour Irrodlotion
After 7 hours Irrodiotlon
Figure 6.20: Fluorescence spectra of a vapour grown
anthracene crystal, containing 2-hydroxyanthracene 
(O^) and 2,9-dihydroxyanthracene ? (0^) impurities,
at 5ft, before and after room temperature irradiations 
with 3650 A°. Note the correspondence in decrease 
of relative intensity of the 0^ and 22 cm 
phonon bands after a long irradiation.
ho s t
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crystal as well as in solution.
Vincent (1973) has observed that when a crystal 
containing 2-hydroxyanthracene and 2,9-dihydroxyanthracene 
is irradiated at 4.2K in the presence of5 oxygen, the 
2-hydroxyanthracene impurity emission disappears and is 
followed by the increase of 2,9-dihydroxyanthracene impurity 
emission. At the same time the fluorescence colour changes 
from blue to pink and a new fluorescence series appears with 
its origin at 18302 cm ^ . O11 the basis of this observation,
Vincent (1973) interpreted the disappearance of 2-hydroxy- 
anthracene impurity emission as due to photooxidation of the 
impurity.
This effect was not observed in the present study 
because the crystal was irradiated in the absence of air.
The fluorescence is unchanged from its blue colour. This 
is the same regardless of whether the crystal is grown from 
the dimer or prepared without exposure to air at any stage.
It is also the same regardless of the temperature of irradiation. 
The photochemical reaction of the 2-hydroxyanthracene impurity 
observed in the present study is therefore believed to be of 
the photodimerization type, most probably the reaction between 
the 2-hydroxyanthracene impurity with the anthracene host.
Because of the presence of an efficient photochemical
i~.>hreaction the 2-hydroxyanthracene impurity, the photodimeriz­
ation of anthracene crystal is expected to be reduced in
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efficiency. Unfortunately the efficiency of photodimerization 
was not measured in the present study. The only effects of 
2-hydroxyanthracene impurity on the photodimerization of 
anthracene crystal observed in the present study are:
(i) photochemical reaction takes place at the impurity 
site and
(ii) the presence of 2-hydroxyanthracene inhibits the 
appearance of defect trap emmisions.
The effect (ii) is well understood because the 2-hydroxyanthracene 
impurity has a much deeper trap than the defects.
Consequently it is expected to be more highly populated at low 
temperature than the shallower traps. For this reason, the
D n - D_ defect emissions could not be observed whenever a 1 D
deeper trap was present in the crystal.
6.4 CONCLUSION
The low temperature fluorescence spectrum of pure 
anthracene crystal, recorded in the present study, is similar 
to the spectrum recently reported by other workers. Hovrever 
modifications have been made is assignment of some of the 
fluorescence bands. The most important of these being that 
first, the presence of the anomalous 22 cm ^ phonon is found 
to be induced by crystal defects due to the presence of 
impurity or to the growing method and secondly the band at 
1187 cm  ^ from the origin is proved to be the b^ fundamental 
vibrational band instead of the 24 cm-1 phonon sideband of the
II63 cm ^ a3 fundamental vibration.1S
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The presence of defects in the crystals is exhibited 
in the low temperature fluorescence spectrum by the appear­
ance of 22 cm  ^ phonon, broad background fluorescence and new 
fluorescence series. Defects which are mechanically induced 
or thermally induced have a large range of trap depth and those 
induced by impurity have shallow trap depth, typically less 
than 200 cm ^.
Each impurity is found to occupy at least two different 
sites in the host anthracene crystal, with trap depth differs 
by 12 + 1 cm ^. Some of the intramolecular vibrations of the 
impurity are split, with the splitting ranges from 2 to 5 cm ^.
In contrast to the phonon sidebands of the host crystal fluor­
escence which are strongly b-polarized, the phonon sidebands of 
the impurity emissions are less polarized, indicating the 
disrupted nature of the anthracene lattice around the impurities.
Because of exciton trapping by the impurity molecules, 
the photochemical reaction has a tendency to occur at the 
impurity molecules provided that the impurity is photochemically 
reactive, such as 2-hydroxyanthracene. It is therefore
expected that the presence of any photochemically unreactive 
impurity, which is able to trap the exciton, would reduce 
the photodimerization efficiency of the anthracene crystal.
The presence of 2-hydroxyanthracene in anthracene crystal, 
which is the most difficult to remove, would therefore enhance 
the photodimerization reaction of the crystal because the 
impurity would become the initial photodimerization site in the
crystal.
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Once the photodimerization reaction has occurred at 
the initial sites, the reaction is perpetuated by the defects 
neighbouring the dimers which act as the intermediate for 
the photodimerization. The photodimerization reaction there­
fore can occur at all possible defect traps except at the 
defect with trap depth of 26.1 cm which is increased as a 
result of the photodimerization.
In the absence of the defect of trap depth 26l cm and 
any other deeper trap, it is possible to detect the fluorescence 
from the defect intermediate of the photodimerization reaction 
and any other dimer-induced-defects. The trap depth of the
dimer-induced-defects is shallow as expected, ranging from
-1 -131 cm to 181 cm . There are four types of defects induced 
by the presence of dimer in the crystal.
(1) Defects having trap depth of 31 cm  ^ and 111 cm  ^
which can be removed by cleaving the dimer into 
its original monomer.
(2) Defects neighbouring the dimer aggregates which act 
as the photodimerization sites and persists after 
cleaving of the dimer. This defect has a trap 
depth of 106 cm \
(3) Defects having trap depth of 123 cm  ^ and 181 cm  ^
and produced by an extensive photodimerization and 
by the dimer-monomer lattice conversion.
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The photodimerization reaction occurs at the surface 
and at sites close to the irradiated surface. Thus the 
doping of dimer molecules into the monomer crystal would give 
a fourth type of defect having a trap depth of 103 cm  ^ and 
equivalent to type (2) defect but unreactive. The non-reactivity 
of the type (4) defect is due to the fact that the defect occurs 
deep inside the crystal because the dimer doped into the crystal 
is expected to occupy a site within the bulk crystal. Thus 
the defect neighbouring the dimer is reactive if it occurs 
near the surface and unreactive if it occurs within the bulk 
of the crystal. This may be true for other defects as well.
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CHAPTER 7
TRIPLET EXCITON LUMINESCENCE IN ANTHRACENE CRYSTALS 
7.1 INTRODUCTION
The delayed fluorescence of anthracene crystal, 
which arises from the annihilation of two triplet excitons, 
has been studied by many workers, (see for example: Avakian,
Abramson, Kepler and Caris, 1963; Singh and Lipsett, 1964; 
Singh, Jones, Siebrand, Stoicheff and Schneider, I.963; Adolp 
and Williams, 1967; Smith, 1968; Benz, Hacker and Wolf, 1970; 
Stacy and Swenberg, 1970; Goode, Lupien, Siebrand, Williams, 
Thomas and Williams, 197^)* All the studies indicate that 
while the triplet exciton is delocalized in the triplet exciton 
band at high temperature, it is localized at defect traps or 
impurity traps at low temperature (less than 90K). Its 
phosphorescence emission, which so far has only been directly 
detected by Smith (1968), Goode et al. (1974) and Ferguson
and Mau (1974b), also shows a similar phenomenon.
The triplet levels may be populated either through a 
direct singlet-triplet absorption or through a singlet-singlet 
excitation and followed by singlet-triplet intersystem crossing. 
In the latter case, two channels of intersystem crossing have 
been proposed which depend on the temperature of the crystal.
1. At temperature between 170K and 430K, it occurs from 
a level 800 - 880 cm  ^ above the singlet state S^ to 
the second triplet state T^ (AdolpKand Williams,
1967).
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2. At temperature between 90K and 170K, it predominantly 
occurs from the singlet state to the vibrational
levels of the lowest triplet state (Stacy and
Swenberg, 1970).
In addition to the above channels of singlet-triplet intersystem 
crossing, Stacy and Swenberg (1970) speculated the intersystem 
crossing to be governed by exciton trapping at temperature below 
90K. Since the quantum efficiency of fluorescence of 
anthracene crystal is near unity (0 = 0.90; Bowen, 1955) and 
the singlet-triplet absorption is forbidden, the delayed 
fluorescence and phosphorescence intensities are always weak. 
Nevertheless they are very sensitive to defect and impurity traps 
at low temperature.
Because of their sensitivity to defect traps, the delayed 
fluorescence and phosphorescence spectra of anthracene crystal 
are preliminarily studied here in conjunction with the future 
photodimerization study on the crystal because the latter is 
equally sensitive to crystal defects. While this work was 
underway, Goode et al. (197^+) reported a different result of 
a similar study by using pure crystals as the sample. In the 
present study, the effect of impurities, commonly present in 
anthracene crystal, is strongly emphasized.
7.2 EXPERIMENTAL
The delayed fluorescence and phosphorescence spectra
Owere recorded photoelectrically on a Spex 1700 meter
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spectrometer with grating blazed at 7500 A . The delayed 
fluorescence and phosphorescence were recorded in the second 
order and first order respectively. A phosphoroscope of 
10msec time delay (8.5 msec on-time and 1. _5 msec cut-off time)
was employed to isolate prompt fluorescence. The signals were
Or>
detected with ITT FW 130 photomultiplier with^S-20 response and 
amplified with a Keithley Instrument DC amplifier and the
spectra were recorded with Hitachi chart recorder. The excita-
CL
tion was effected either with^337 nm Nitrogen laser of 10 nsec 
pulse, operating at lOOKw, or with 390-410 nm range of 0(-NPO 
2-( 1-naphthyl)-3-phenyl oxazole J dye laser.
The crystal was mounted on an aluminium strip window 
and enclosed into a silica tube filled with 710 torr of helium 
gas. The spectrum was measured at about 10K with the cooling 
process being effected by flowing a boiled-off liquid helium 
into the sample tube, through a silica flow tube. Front surface 
excitation technique was employed in this experiment.
t o  »m
The experiment was performed the following anthracene 
crystals: (l) pure vapour grown crystals; (2) pure melt growai
crystals; (3) vapour grown of Prinz Organic quality; (4) 
vapour grown doped with 2-methylanthracene; (5) vapour grown
doped with 2-hydroxyanthracene; and (6) vapour grown doped 
with 2-aminoanthracene. It was also performed on the vapour 
grown anthracene-d^Q crystal and the vapour grown 2-hydroxy- 
anthracene-h^Q-doped-anthracene-d^Q crystal.
10The 2-hydroxyanthracene-h was prepared from the
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sodium salt of anthraquinone-2-sulphonic acid (Silver Salt) by 
reduction with zinc dust in ammonium hydroxide and recrystalliza­
tion from chloroform. It was purified by three times vacuum 
sublimation. The 2-methylanthracene was commerically available 
from Koch-Light (Chemical, and purified by forming its dimer in 
benzene and followed by vacuum sublimation. The dimer split 
during the sublimation into its corresponding monomers. The 
2-aminoanthracene (Aldrich quality) was purified by recrystalliza­
tion in chloroform and followed by vacuum sublimation. The 
anthracene-d-^Q (Merck quality) was purified by 40 passes zone­
refining under nitrogen.
7.3 RESULTS
7.3.1 Delayed fluorescence at 298K
The room temperature delayed fluorescence of anthracene
crystals is weak but easily detectable. Its feature is similar
to the prompt fluorescence regardless of the purity and defect
concentration of the crystals and also of the wavelength of the
exciting light. This is consistent with the view that the high
temperature emissions in anthracene crystal originate from the
exciton band and intersystem crossing occurs from a level 800 - 880 
-1cm above the singlet exciton band to the second triplet level 
of the crystal (Adolph and Williams, 1967).
Figure 7.1 shows the room temperature delayed 
fluorescence of pure vapour grown and melt grown anthracene 
crystals. As it is apparent from the figure, the weak highest
energy band, observed in the prompt fluorescence, does not appear
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Vapour grown
Melt grown
Figure 7.1: Prompt and delayed fluorescence spectra
of pure anthracene-h^Q crystals at 296K. (—— ) prompt
fluorescence, (---) delayed fluorescence.
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in the delayed fluorescence. This is similar to the spectrum 
measured by the earlier workers (see for example: Smith, 1968).
It is likely to be due to reabsorption.
In anthracene crystal, absorption at energy lower than 
the (O-O) absorption origin was observed by Nakada (1965) and
OL
explained as due to^transition from the excited vibrational 
level of the ground state to the exciton band. The reabsorption 
phenomenon was also observed in the fluorescence spectrum
when the spectrum is measured by rear or. side excitation as 
described in Section 6.3*1 of the previous chapter. The strongly 
reabsorbed delayed fluorescence therefore suggests that the 
emission originates from the bulk of the crystal whereas prompt 
fluorescence mostly originates from the illuminated surface.
The deeper emission regions of the delayed fluorescence 
is expected because of the much longer lifetime of the triplet 
exciton = 25 msec at room temperature, (williams and Schneider^,
1966)J. Because of its longer lifetime, the triplet excitons 
may diffuse into the deeper region of the crystal before 
annihilate one another to form the singlet exciton, from
which the delayed fluorescence originates. In anthracene crystal, 
the diffusion coefficient of the triplet exciton is typically 
(1.0-0.2) x 10 ^ cm^ sec ^ (Williams, Adolph and Schneider, 1966). 
The diffusion length was found by Williams et al.(l966) to be 
70-150^ in a direction perpendicular to the ab plane. This 
accounts for the different extent of reabsorption between the 
delayed fluorescence and the prompt fluorescence because the 
latter only involves the singlet exciton which has a short life­
time 6 nsec at room temperature, Munro et al. , (1972).
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7*3*2 Delayed fluorescence of pure crystals at 10K.
At low temperature, the spectral features of the 
delayed fluorescence are dependent on the defect concentration 
and the purity of the crystals as well as the wavelength of the 
exciting light. In the case of pure crystals, the low temper­
ature delayed fluorescence is not similar to the corresponding 
prompt fluorescence. This is a well known phenomenon in
anthracene crystal, as described by Wolf and Benz (l97l), where
c .c5 n W i'c ,a - ^ * <^the low temperature delayed fluorescence spectrum is •eongoctod 
by the defect emissions. For this reason, the low temperature 
delayed fluorescence of pure vapour grown crystals is seldom 
observed at energy higher than 23500 cm ^. Any observed delayed 
fluorescence in this region is very weak with the position of the 
maxima being sample dependent.
Figure 7*2 shows the low temperature delayed 
fluorescence of one particular pure vapour grown crystal in which 
the emissions at energy higher than 23500 cm  ^are observed.
Since its corresponding prompt fluorescence, which is shown in 
the same figure, does not show any impurity emission, the 
observed delayed fluorescence is believed to originate from 
crystal defects. The delayed fluorescence spectrum shows three 
band maxima at 24309 cm ^, 23665 cm  ^a.nd 22687 cm ^. These 
may correspond to three types of crystal defects.
A pure melt grown crystal, which is expected to 
contain a higher concentration of defects than the corresponding 
vapour grown crystal, shows a stronger delayed fluorescence at 
energy higher than 23500 cm  ^ (see Figure 7*2). The low
Figure 7*2: Prompt and delayed Fluores­
cence spectra of pure anthracene-h^^ 
crystals at 10K. VG - vapour grown;
MG - melt grown.
23 1
VG Prompt fluorescence
VG Delayed fluorescence 
X o v t  = 337nm
MG Prompt fluorescence
MG Delayed fluorescence 
X exc =337nm
Figure 7•2
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temperature spectrum of this particular crystal is similar to that 
reported by Benz et, al. (l970)j where the defect of singlet 
excitation energy 24470 j; 50 cm  ^ gives a strongest delayed 
fluorescence at 10K. This defect may be similar to the 
defect trap, which is observed in the low temperature prompt 
fluorescence at 24426 cm  ^ as described in the previous chapter.
The defect emission at 24834 cm ^ is also apparent 
in the spectrum. This defect corresponds to the defect 
trap emission observed in the prompt fluorescence which has a 
singlet trap depth of 26l cm ^ . From a temperature dependent 
study, Benz et. al. (1970) found that a defect with singlet 
trap depth of 274 cm  ^ (X^) is also a defect trap in the triplet 
with trap depth of 24 cm ^ . It is unknown however if the X^
defect trap shows a similar phenomenon, in the sense that it 
becomes a shallower trap in the triplet state. The temperature 
dependent study was not carried out in the present work to 
check this phenomenon.
The features of the low temperature delayed fluorescence 
are dependent on the wavelength of the exciting light. This is 
illustrated in Figure 7*3» The figure shows the delayed 
fluorescence spectra of melt grown and vapour grown crystals, 
excited by either 401 nm light of ctf-NP0 dye laser or 337 nm 
light of Nitrogen laser. It is apparent from the figure that 
excitation with 401 nm light gives stronger defect emission 
relative to the background. On the other hand, excitation with 
337 nm light gives a stronger background emission. In addi­
tion, 337 nm light excitation also induces very weak delayed
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fluorescence from the exciton band, but the phonon bands of this 
emission are strongly reabsorbed. The delayed emission is about 
20 times weaker when the crystal is excited with 401 nm light.
7.3.3. Delayed fluorescence of impure crystals at about 10K.
The low temperature delayed fluorescence of anthracene 
crystals is affected by the impurity present in the crystals.
The emission is found to originate from the impurity itself pro­
vided that the singlet excitation energy of the impurity is 
below the exciton band of the host crystal. The impurity of 
this kind is generally known as ’impurity of positive trap depth’.
Figure 7»4 shows the low temperature prompt and 
delayed fluorescence of anthracene crystals containing various 
impurities of positive trap depth. No delayed fluorescence of 
the host crystal is observed except in the case of the crystal 
containing the unknown and impurities. These impurities 
fluoresce at 24886 cm ^ and 24678 cm  ^ respectively. The 
observed delayed emission of this particular crystal is however 
very likely to be the residue of the prompt fluorescence.
In the case of anthracene-d^ crystal, (not shown in 
the figure), the fluorescence origin is shifted by 57 cm ^ to 
the higher energy. The crystal contains 2-methylanthracene- 
d^^ as evident from the appearance of strong fluorescence series 
starting at 24951 cm ^ . Thus deuteration on 2-methylanthracene 
shifts its lowest singlet excited state to the higher energy 
by 50 cm ^ . As in the case of other impure crystals, only the
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Prompt fluorescence Delayed fluorescence
A-h» +2 MeA.fc,
A .h„ + N , + N2 impurities
— j_IUL
2NHJA.,..,
Figure 7«^s Prompt and delayed fluorescence spectra of 
impure anthracene-h^^ (A-h^) crystals at 10K, excited by 
337 nm light. 2MeA-h^2> 2-Me thylanthracene-h^ ^  5 20HA-h^^ ,
2-Hydroxyanthracene-h^^; N p , unknown impurities;
2- Aminoanthracene-h^^.2NH2A-hxl,
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delayed fluorescence of the impurity is observed at low 
temperature.
7.3.4 Phosphorescence
In contrast to the result reported by Smith (1968) 
the phosphorescence of a very pure anthracene crystal could not 
be detected in the present study and in the present experimental 
conditions. This is true whether the experiment is carried 
out at room temperature or at about 10K and whether the 
crystal is vapour grown or melt grown.
During this study, Goode et al. (1974) reported the 
phosphorescence spectrum of anthracene crystals at various 
temperatures. Both Smith (1968) and Goode et al. found that 
the phosphorescence originates from the triplet exciton band at 
temperature higher than l60K, but it originates from defect traps 
at lower temperatures.
Since the phosphorescence of a pure anthracene crystal 
could not be detected in the present study, the study was carried 
out on impure crystals. The purity of the crystals was 
checked from the low temperature prompt fluorescence spectra.
The phosphorescence of impure anthracene crystals could 
not be detected at room temperature and under the present 
experimental conditions. It could only be detected at low 
temperature and was found to have the following properties:
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1. The presence of either 2-methylanthracene-h^^ or 
2-hydroxyanthracene-h^Q guests has the effect of 
inducing defect-trap phosphorescence of anthracene-h^ 
host crystal, with trap depth of 136 cm  ^ and 77 cm  ^
respectively. The trap depth is measured from the 
lowest triplet level of the anthracene-h^ crystal 
which has an excitation energy of 14742 cm ^ (Clarke, 
1970)» The spectra are shown in Figure 7«5*
2. The phosphorescence bands are narrow (3 - 3cm 1 )
and their vibrational spacing are equal to the ground 
state anthracene-h^Q vibrations as shown in Table 7*1*
3. Heavy doping by either of the above impurities increases 
the intensity of the corresponding defect-trap 
phosphorescence. However, the full dependence of
the intensity on the impurity concentration is 
unknown at the present time.
4. The phosphorescence is more polarized along a crystal
axis. The (a/b ) polarization ratio is in the order
of 4.2 for the crystal containing 2-methylanthracene-
h^0. This is expected because the phosphorescence
3 1corresponds to B 2u --* A lg transition» with the
electronic transition moment polarized perpendicular 
to the molecular plane.
The measured polarization ratio is however higher 
than the value predicted from the oriented gas model.
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TABLE 7.1
Phosphorescence hands of impure anthracene- 
hpo crystals at 10K.
(Notation: vst - very strong; st - strong;
w - weak; x - defect series; 0 - impurity
series; ph - phonon.)
Anthracene-h^Q host
Guest Difference Assignment
2 -methyl- 2-hydroxy- 2-amino- N p from _ 1anthracene- anthracene- anthracene- singlet 14742 cm
h 1 2 hio hn trapdepth
209 cm 7 
417 cm 1
- 14663 vst - - 77 x i 0 - 0
- - - 14638 vw 84 °i 0 - 0
l46o6 vst — _ — 1 3 6 X 2 0 - 0— _ 1 4 5 8 6 vw 1 56 op 0-0
14577 w - - - 1 6 3 xi- 29 ph
14367 vv - - - 175 X 2 ’ 39 ph
1433^1 vw - - - 188 X 2> 34 ph
- - 14319 s t - 223 °3 Origin
14311 VW - - - 231 X 2 ’ 95 ph
- - - 14486 vw/ 2 3 6 X 3- Origin?
- - 14427 vst - 315 °4 Origin
- - 14392 s t - 350 °5 Origin
- - 1 4 3 3 0 w - 412 °6 Origin
- 14274 st - - 468 X 1 3 9 1 vib.
- - - 14271 VW . 4 7 1 °1 381 vib.
- - 14234 w - 308 °7 Origin
14213 st - - - 527 X 2 3 9 1 vib.
- - - 14202 vw 340 °2 384 vib.
L4l84 V W - - - 558 X 2 391-31
- - 15054 s t - 688 °4 373 vib.
_ - 14019 V W ~ 723 °5 373 vib.
13981 V W - - - 761 X 2 625 vib.
13954 V W - - - 788 X 2 752 vib.
- - 13952 V W - 790 °6 378 vib.
- - 13920 V W - 822
° 4
507 vib.
- - 13895 V W - 847 °5 497 vib.
- - 13863 V W - 879 °7 371 vib.
- - 13837 - 905 °6 493 vib.
13821 V W - - - 921 X 2 784
(2 x 391 +  2)
- - 13807 V W 935 X 4 ? ( o - o )
- - 13799 V W - 943 ?
- - 13771 - 971 ?
- - 13679 - 1063 ° k 749
(2 X  373 +  3)
- - 13623 V W - 1119 ?
13529 - - - 1213 ?
- 13503 - - 1239 X 1 II62 vib..
13443 V W - - - 1299 X 2 II63 vib.
13413 V W - - - 1329 X 2 II63-3O
- 13407 V W - - 1335 X 1 1258 vib.
133^6 V W - - - 1396 X 2 1260 vib.
13314 V W - - - 1428 X 2 1260-32
- 13263 V W - - 1477 X 1 l400 vib.
13203 V W - - - 1539 X 2 1403 vib.
L3151 V W - - - 1591
X 2
1403-52
.3128 V W - - - l6l4 X 2 1478
- 1 3 1 0 9  V W - - 1 6 3 3 x i 1 5 5 6  v i b .
1 3 0 4 9 vw - - - 1 6 9 4 X2 1 5 5 7  v i b .
- - 1 3 0 1 1  V W - 1 7 3 1 ° 4 I 4 l 6  v i b .
1 2 9 5 1 V W 1 7 9 1 X2 1 2 6 0 - 3 9 1 - 4
1 2 8 8 8 V W 1 8 5 4 X2 1 7 1 8  ?
1 2 8 1 1 V W 1 9 3 1 X2 1 4 0 3 - 3 9 1 - 1
1 2 6 5 3 V W 2 0 8 9 1 9 5 1  ?
1 2 4 9 0 V W 2 2 5 2 ?
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From the direction cosines of the anthracene in 
crystalline state at 90k, as given by Mason (1964), 
the oriented gas model gives a polarization ratio 
of 3.62.
3. In contrast to 2-methylanthracene-h^ and 2-
hydroxyanthracene-h^Q guests, 2-aminoanthracene-h^^ 
guest does not induce defect-trap phosphorescence of 
the anthracene-h^Q host crystal. Instead, guest 
phosphorescence is observed, which may originate 
from five different sites as shown in Figure 7*6. 
However the possibility of the multiple sites corres­
ponding to other impurities is not to be overlooked 
because the 2-aminoanthracene-h^^ dopant was not 
extensively purified; moreover the vibrational 
spacing belonging to the different phosphorescence 
origins is slightly different as is apparent from 
Table 7.1* The spacing between the origin bands 
does not correspond to phonon frequency of the host
So \\ \S cji tC-cdt
crystal^to assign them as phonon bands.
Bridge and Vincent (1974) noted two different sites 
of 2-aminoanthracene-h^ singlet state in anthracene- 
h^Q crystal, separated by 279 cm The 0^ - 0^
separation observed in the phosphorescence spectrum 
is 283 cm ^ . Unfortunately the prompt fluorescence 
of the crystal is weak at low temperature, and too 
broad to observe any multiple site emissions in the
present work.
Figure 7*6: Guest phosphorescence spectra of
impure anthracene-h^^ (A-h^) crystals at 10K, 
excited by 401 nm light. 2-NH^A-h^^, 2-Amino- 
anthracene; and N p , unknown impurities.
(l) guest concentration between 0.1 and 1.0 
percent by weight; (2) guest concentration 
less than 0.001 percent. 0-guest phosphorescence 
series; X-host defect phosphorescence series. 
(The noise signals in the original spectra are 
not included.)
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6 . A low concentration of 2-aminoanthracene-h^^ in 
anthracene-11^ ^ crystal (concentration less than 
0 .001^ by weight) does not induce guest phosphorescence. 
Instead, a weak emission appears at 14486 cm  ^ or
256 cm ^ from the host crystal exciton band as 
shown in Figure 7*6. This may correspond to the 
phosphorescence band of the irnpurity-induced defects.
The crystal also contains twro impurities which 
fluoresce at 24886 cm and 24678 cm and labelled 
in the previous chapter as and respectively.
Thus the weak bands at 14658 cm ^ and 14586 cm ^ may 
correspond to the guest phosphorescence of these 
impurities because the weaker bands at 14271 cm  ^
and 14202 cm  ^ match the corresponding impurity 
vibrations. It is not possible however at this 
stage to identify whether the 14658 cm  ^ and 14586 cm  ^
phosphorescence origins correspond respectively to 
and or and impurities because the ground 
state vibrational spacings of these impurities are 
nearly equal as described in Section 6 .3 »^ of 
Chapter 6.
7. An impurity with negative singlet trap depth, such 
as naphthalene, does not induce any defect trap or 
impurity trap phosphorescence under the present 
experimental conditions.
8 . The phosphorescence of the irnpurity-induced defects is
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also observed in the anthracene-d^^ crystal which 
is known to contain 2-methylanthracene-d^9 impurity. 
The trap depth of the defects is equal to the trap 
depth of the corresponding defects in the 2-methyl- 
a n t h r a c e n e - h ^ - d o p e d - a n t h r a c e n e - h ^ Q  crystal. In 
the case of a n t h r a c e n e - d ^  crystal, the trap depth 
is measured from the lowest triplet level of the 
crystal which has an excitation energy of 14794 cm ^ 
(Clarke, 1970).
9. When 2-hydroxyanthracene-h^^ is doped into the
anthracene-d^Q crystal, which contains 2-methyl- 
anthracene-d^^ impurity, an additional defect trap 
is produced, with triplet trap depth of 2 0 5  cm 
The defect trap phosphorescence bands of anthracene- 
d-^Q crystal are listed and assigned in Table 7 ,2 . 
Figure 7 « 7 shows the defect trap phosphorescence of 
the anthracene-d^Q crystals containing 2-methyl- 
anthracene-d^^ and 2-hydroxyanthracene-h^  ^  impurities. 
Comparing this figure with Figure 7*5 we notice that 
2-hydroxyanthracene-h^^ impurity induces a deeper 
defect trap in anthracene-d^^ crystal than in the 
anthracene-h^Q crystal. In the a n t h r a c e n e - d ^  
crystal, the trap depth of the defects is 20^ cm ^ 
whereas the defects in the anthracene-h^^ crystal 
have a trap depth of 77 cm
7.3.5 Summary of the results
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TABLE 7.2
Phosphorescence bands of impure anthracene-d^ 
crystals at 10K.
(Notation: vst - very strong; st - strong;
w - weak, vw - very weak; X - defect trap 
series)
Anthracene-d^Q Anthracene-d^^ Difference
crystal con- ' crystal con- from
taining 2-methyl- taining 2-hydroxy- 14794 cm 
anthracene-d^^ anthracene-h^
Assignment
14658 vs t 14658 w 136 x i 0-0
14612 w - 182 x i- 46 phonon
- 14589 vst 205 X 2 0-0
- 14541 w 253 X 2> 48 phonon
- 14417 vw 377
- 14346 vw 44 8
14280 s t 14280 vw 514 X l> 378 vib.
- 14211 s t 583 X 2- 378 vib.
l4o 6o w - 734 X l- 548 vib.
13904 w - 890 X l> 754 vib.
13822 w - 97 2 X l> 836 vib.
- 13747 w 104 7 X 2 ’ 842 vib.
- 13679 vw 111 5 X 2- 910 vib.
13503 vw - 128 1 X l- 1155 vib.
13442 vw - 1352 X l> 1216 vib.
- 13440 vw 1354 X 2 ’ 1149 vib.
13272 vw - 1522 Xl* 1386 vib.
- 13202 VW 1592 X 2- 1387 vib.
13128 VW - 1666 X l> 1530 vib.
- 13055 VW 1739 X2’ 1534 vib.
- 12816 VW 1978 X2’ 1773 vib.
- 12637 VW 2157 X2’ 1942 vib.
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In summary, it is found that the delayed fluorescence 
of anthracene crystals at room temperature is similar to the 
corresponding prompt fluorescence except that the highest energy 
band of the delayed fluorescence is strongly reabsorbed. This 
is explained in terms of the longer triplet lifetime as compared 
to the singlet lifetime. At low temperature, the delayed . 
fluorescence originates from the defect sites or from the 
impurity. The delayed fluorescence from the exciton band of 
the host crystal is seldom observed.
In the case of phosphorescence, it is only observed 
at low temperature and confined to the crystals containing 
impurity of positive trap depth. Two types of phosphorescence 
are observed.
1. Phosphorescence of the host crystal defects, induced 
by the impurity.
2. Phosphorescence of the impurity.
The first type of phosphorescence arises when the lowest 
triplet level of the impurity molecule is above the triplet 
level of the host crystal defects provided that the singlet 
state of the impurity molecule can be populated by the exciton, 
either directly or through singlet exciton trapping. The 
second type of phosphorescence may arise when the lowest triplet 
level of the impurity is below the triplet level of the defect 
traps.
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The phosphorescence is more polarized along a-axis 
with the (a/^) intensity ratio being in the order of 4.2 for 
the defect of trap depth 136 cm ^. The trap depth of the 
defects in the triplet state is dependent on the type of 
impurity as shown in Table 7*3» The table includes the results 
not described in the text.
7.4 DISCUSSION
The contribution of the defects in increasing the 
delayed fluorescence intensity of anthracene crystal is well 
understood (Siebrand, 1965). The effect has been regarded as 
due to the increased trapping of the triplet exciton following 
its formation from the singlet exciton. The triplet exciton 
is formed through the singlet-triplet intersystem crossing.
Two channels of intersystem crossing have been proposed.
1. At temperature 170k T 430k, it occurs from a 
level 800 - 880 cm ^ above the singlet exciton band 
to the second triplet level of the crystal (Adolph 
and Williams, (l970).
2. It predominantly occurs from the singlet exciton band 
to the vibrational levels of the lowest triplet state 
of the crystal at 90k <. T 170k; below 90k inter­
system crossing is believed to be dominated by 
exciton trapping (Stacy and Swenberg, 1970).
According to Siebrand (1965), the trapping of triplet
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TABLE 7.3
The trap depth of various impurities and defects 
in the singlet and triplet states of anthracene 
crystals.
(Notation: 2-MeA-ti^^» 2-me thylanthracene-h^^ >
2-MeA-d-^0 , 2-methylanthracene-d^0 ; 2-OHA-h^Q, 
2-hydroxyanthracene-h^; 2-NH^A-hj^, 2-amino- 
anthracene-h^^; , N^» unknown impruities;
3E . , trap depth of the impurity in siglet state; 
E . , trap depth of the impurity in the triplet
rjv
state; E^, trap depth of the defects in the 
triplet state.)
The singlet trap depth in anthracene-h^^ and 
anthracene-d^Q crystal is measured from 23095 cm 
and 25152 cm respectively. In the triplet  ^
state, the trap depth is measured from 14742 cm 
for anthracene-hpo crystal and from 14794 cm“^
-1
anthracene-dpQ crystal, (Clarke, 1970). 
depths are in wavenumber (cm~^).
for 
All trap
Impurity HOST
(guest) ---------------------------
Anthracene-h^Q
TE . E .
2-MeA-h12 194 —
2-MeA-d12 144 -
2-0HA-h1Q 930 -
2-NH A-h 315
Ni 209 84
N 2 417 156
136
77
Anthracene-d^j ^
.ES1
T
E i
T
ed
251 -
201 - 136
987 — 203
256 ?
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exciton would reduce the bimolecular annihilation and thus the 
delayed fluorescence intensity. However if the trapped triplet 
lifetime is long compared to the free triplet, the reverse 
is true in a certain range of temperature. No trapping would 
occur above 4k if the triplet lifetime of the trap is very 
short. This analysis fits the results of Singh and Lipsett 
(1964) and Singh et al. (1965). It is not known however if 
it agrees with the present results because the temperature 
dependent and the lifetime studies were not carried out in the 
present work.
The above analysis was based on the situation where 
the triplet exciton band is populated by either direct singlet- 
triplet absorption or singlet-triplet intersystem crossing. 
However, there are evidences indicating that the triplet exciton 
band may not be populated by the singlet-triplet intersystem 
crossing. The presence of impurity of positive singlet trap 
depth may become the channel of singlet-triplet intersystem 
crossing at very low temperature. Thus only the.triplet level 
of the impurity is populated. Triplet energy transfer from 
the impurity to the host crystal (if any) is trapped by the 
misoriented host molecules in the vicinity of the impurity.
This is evident from the fact that
(i) at room temperature, no phosphorescence was observed 
under the present experimental conditions, regardless 
of the crystal purity and the wavelength of the
exciting light,
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(ii) the observed phosphorescence corresponds to the crystals 
containing impurity of positive trap but it could 
only be detected at low temperature,
(iii) no phosphorescence was observed at low temperature 
when the impurity is of negative trap depth and
(iv) the intensity of the low temperature delayed
fluorescence and phosphorescence spectrum of the 
defect and impurity traps is increased relative to 
the background emission when the crystal is excited 
with the 401 nm light in comparison to the 337 nm 
excitation.
The^401 nm light of C<-NPO dye laser is narrow (lO - 15 
era ^), thus the singlet exciton band of the host crystal, which 
lies at 25095 cm  ^ (398.37 nm) above the ground state, is weakly 
populated and most of the excitation energy is used to excite 
the singlet state of the impurities and defects traps. The 
intersystem crossing is therefore likely to occur at the 
impurities or defect traps. The 337 nm light of nitrogen laser 
on the other hand would excite the level 4550 cm ^ above the 
singlet exciton band of the host crystal, thus allowing the 
intersystem crossing to occur from all possible sites in the 
crystal. This explains the fact (iii) described above.
The phosphorescence of anthracene crystals observed 
in the present study can therefore be explained diagramatically
as illustrated in Figure 7.8. The singlet exciton is trapped 
by the impurity molecules whose singlet excited state S__^  is 
below the sipglet exciton band of the host crystal S^. Inter­
system crossing would produce triplet exciton5 at the impurity 
sites. The subsequent process is dependent on the triplet 
level T ^  of the impurity molecules.- If the impurity triplet 
level is below the triplet level of the neighbouring host crystal 
defect traps X r^, guest phosphorescence is observed. On the 
other hand if the situation is reversed, defect traps phosphor­
escence is observed.
Since the singlet exciton trapping by the impurity 
molecules is necessary in order to observe the phosphorescence of
the crystal, no phosphorescence is observed when the crystal is
olh
doped with^impurity of negative trap depth such as naphthalene.
The phosphorescence may be observed if the naphthalene guest is 
excited. Unfortunately we did not check this possibility to 
clarify the phosphorescence phenomenon of anthracene crystals.
Following this result, we found that the low temperature 
phosphorescence of anthracene-h^^ and anthracene-d^ crystals, 
observed by Ferguson and Mau (197^0 > is due to impurity-induced 
defects. They speculated the phosphorescence to arise from 
stress effects brought about by the cooling process. The 
present study indicates that 2-methylanthracene-h^^ and 
2-methylanthracene-d^£ impurities are responsible for the 
appearance of host crystal defect phosphorescence of anthracene- 
h^Q and anthracene-d^^ crystals respectively. It follows
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• S-C
8 0 0 -  880  cm
25095 cm
-  T,;
14742 cm
Figure 7*8: A schematic diagram of the intersystem
crossing scheme in impure anthracene crystal at low 
temperature. Notation: S- singlet state; T -
triplet state; X - defect trap; i - impurity;
IC - internal conversion; I.S.C - intersystem 
crossing; e.t - energy transfer; v - vibrational 
level.
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therefore that the low temperature defect traps phosphorescence 
of anthracene crystal reported by Smith (1968) and Goode et al. 
(1974) may also correspond to a similar phenomenon, where the 
defect trap phosphorescence is induced by the impurities present 
in the crystal instead of being corresponded to linear defects 
or dislocations.
From phosphorescence measurement, Goode et al. (1974) 
found seven defect traps for the triplet state of anthracene-h^^ 
and anthracene-d^Q crystals with trap depth ranging from 81 cm  ^
to 774 cm . The defect of trap depth 761 - 774 cm ^ was 
shorn by them to have a chemical origin. The lowest energy 
trap (l29 cm  ^ depth) in anthracene-h^ crystal is close to the 
trap depth of the defect induced by 2-methylanthracene-h^^ 
in anthracene-h^Q crystal which is found in the present study to 
have a trap depth of 136 cm ^ . Their spectra are much lower
resolution than the present spectra. This may account for 
7 cm ^ discrepancy between the two results.
In the case of anthracene-d^ crystals, the defect of 
lowest trap was found by Goode et. al. to have a trap depth of 
81 cm ^ . This is close to the trap depth of the defects 
induced by the 2-hydroxyanthracene-h^Q in anthracene-h^^ crystal 
which is in the order of 77 cm Considering that the
impurity-induced defects in 2-methylanthracene-h^^-doped- 
anthracene-h^Q crystal and 2-methylanthracene-d^-doped- 
anthracene-d^Q crystal have an equal trap depth, the defects in 
anthracene-d^Q crystal with trap depth of 81 cm ^ observed by
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Goode et al. (197^+) may correspond to defects induced by the 
2-hyroxyanthracene-d^Q impurities. 2-methylanthracene and
2-hydroxyanthracene are the most abundant impurities in 
anthracene crystal. Thus their contributions in inducing 
defect phosphorescence in the crystal studied by Goode et. al. 
(l97^+) are very likely.
In biphenyl crystals, Bree and Zvarich (1969) have 
noted a similar phosphorescence phenomenon where the emission 
was only observed in the impure crystals. They found that 
carbazole and dibenzothiophene impurities induced defect-trap 
phosphorescence of the host crystals, with the triplet trap 
depth of the defects being in the order of 170 cm  ^ and 670 cm  ^
respectively. Similarly, the presence of pyrene in naphthalene 
crystal has the effect of inducing two defect traps in the 
triplet state having the trap depth of 900 cm 1 and 2250 cm  ^
(Megel, Pee and Dupuy, 1973)» This suggests that the defects 
of deep trap, observed by Smith (1968) and Goode et al. (197^)
may correspond to defects induced by other impurities. A low 
temperature phosphorescence of pentacene-doped-anthracene crystal, 
measured by Brillante (197^) of this laboratory also shows the 
presence of deep trap emission of triplet trap depth 1100 cm ^ . 
However it is still not known whether it corresponds to defect 
trap phosphorescence or the impurity phosphorescence because the 
pentacene used for the dopant was not extensively purified.
The low temperature impurity-induced-defect phosphor­
escence has also been observed by Azumi and Nakano (1968) in
2.58
the pyrazine crystal. However they did not know the impurity(s) 
responsible for the appearance of such defects phosphorescence. 
The present work is therefore more conclusive in the sense that 
the impurity responsible for the appearance of impurity- 
induced-defect phosphorescence in anthracene crystal is known.
Since the defects are induced by the impurities 
present in the crystal, they must correspond among other factors, 
to the misoriented anthracene host molecules in the vicinity of 
the impurity. Such type of defects has been detected in the 
quinoxaline-doped-naphthalene-hg crystal through its EPR 
spectrum (Schwoerer and Sixl, 1968, 1970). Quinoxaline induces
a defect trap in the naphthalene-hg crystal with triplet trap 
depth of 60 cm ^. The defect corresponds to the misorienta- 
tion of the neighbouring naphthalene host molecules by less 
than 2°. The fact that
i. 2-methylanthracene-h^^ in anthracene-h^^ crystal
and 2-methylanthracene-d^^ i-n anthracene-d^ crystal 
induce a similar defect trap of equal trap depth 
and
ii. the trap depth of the defect, induced by 2-hydroxy- 
anthracene-h^Q, is lower in anthracene-h^ crystal 
than the anthracene-d^^ crystal,
the trap depth of the impurity-induced-defects may be governed 
by the guest-host and host-host interactions in the triplet 
state in addition to the angular dependence of the misoriented
host molecules.
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The angular' dependence is believed to be less 
important in determining the trap depth of the defects. This 
is evident from the fact that the measured polarization ratio 
is close to the value predicted from the oriented gas model 
as described in property 4 of Section 7«3*4. From the crystal 
data reported by Mason (1964), the oriented gas (a/ polariza­
tion ratio of the phosphorescence from a perfect lattice is 
calculated to be 3*56 at 290ft and 3*62 at 90K. Thus the 
oriented gas value at 10K is expected to be in the order of 3*7* 
If the polarization ratio follows the oriented gas model, the . 
measured value of 4.2 at 10K suggests that the misalignment 
of the host molecules in the defect sites is less than 2°. The 
misalignment is too small to account for the 136 cm  ^ trap 
depth of the defects. However, this argument is based on 
the assumption that the phosphorescence polarization ratio 
follows an oriented gas model. The ratio may not follow this
assumption, instead it may be governed by the mixing between
3the B_ state with the other state as in the case of 2u
fluorescence polarization ratio.
7.5 CONCLUSION
At low temperature, the emissions involving the 
triplet exciton in anthracene crystal are sensitive to impurity 
of positive singlet trap depth. The singlet exciton of the 
anthracene crystal is trapped by the impurity where the 
subsequent singlet-triplet intersystem crossing occurs to the 
triplet level of the impurity molecule. Two triplet excitons 
may annihilate each other to form a singlet exciton, followed
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by radiative emission as delayed fluorescence whose pattern and 
intensity are apparently governed t y  the impurity concentration.
The radiative emission (phosphorescence) from the 
triplet level is dependent on the triplet level of the impurity.
In the case where the triplet level of the impurity is higher 
than the triplet level of the neighbouring impurity-induced- 
defects, the impurity triplet energy is transferred to the defect 
sites from which the phosphorescence originates. On the other 
hand, if the triplet level of the impurity molecule is below 
the triplet level of the impurity-induced-defects, the 
phosphorescence would correspond to the impurity itself. The 
phosphorescence is polarized along a-axis with the (a/^) polariza­
tion ratio, being in the order of 4.2
As far as the defect traps in the singlet state are 
concerned, their role in governing the singlet-triplet inter­
system crossing is not clear at this stage because the 
present experimental conditions fail to detect any phosphor­
escence from the triplet exciton band and from the defect traps 
of dislocation type.
In terms of photodimerization, the low temperature 
phosphorescence study may give some additional information on 
the photodimerization phenomenon in anthracene crystals 
because photodimerization in the crystals would induce several 
defects. It is interesting to find out if these defect traps 
also act as the channels of intersystem crossing at low
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temperature. Since one of the defect traps acts as the 
intermediate of photodimerization in the crystal as described 
in the preceeding chapter, such process may allow the 
corresponding defect trap in the triplet state to be detected.
Its behaviour under red light excitation at low temperature 
would allow a conclusion to be made whether the photodimerization 
reaction also takes place in the triplet state.
In the case of impure anthracene crystal containing cx\r\ 
unreactive or slowly reactive impurity such as 2-methylanthracene 
the low temperature phosphorescence study would give some 
information if the impurity-induced-defects also act as the 
photodimerization sites in the crystal. Photodimerization 
at these sites would reduce the intensity of the impurity- 
induces defect phosphorescence.
Phosphorescence and photodimerization studies have 
been carried out on a pure vapour grown crystal, unfortunately 
no information was obtained and no fluorescence was observed 
from the dimer-induced-defects. Thus further studies need 
to be carried out to support the above predictions which arise 
from the phosphorescence phenomenon of anthracene crystals 
found in the present study.
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